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AEjflAC: "Need for low-veight,cryogenic pressure vessels for syacecrmft
resulted in EkSAt.Lnis-fuding an investigation atr-NElrit raa'ra grnpbte
fibner cozgoait*a properties at cryogenic tenperatures. - oe Iett&io.ve-a
divided! into six tasks ; zly Tasks I and fl are 'eported h~li.~tkXn
an investUition of mechaical propertic;t ofr several Itibers a'd reai:. as
coupositae strrods, oars, end VOL rings.a&?,shoved that corpocite rnulliwakcssed
by 0 to ^20% at -1990d, end. cepposite tensile atreneths decesect by 0 to 30A. -
Bending fatigute at 50% breaking stress Pnd 1000 cycles deteriomtt3, rlag& 1ins
'rhen cold than shea' at roon tecuperacure. Thernal contraction tests o~f coodtes
nhovud Uce prtphite fibers to have a &ilght negative roefficieat. CetinA with
resins Sn coiqositia, the resin zwtrvc vouh experience up to 1.5% strain whe
cold due r~o its tCieml contraction.-

Tasl flyvas the desiga, fabrication, &Wl testinc of graphite filment
trued yrcsstrs vasselsatxA was contracted to the3 Aeroicrr-General Corporat cn,
Azusa, California. Yeeael ultimate strains of 0.2 to 0.5% were founid, which
&e geiv.fy coAcst~ble with the stailess sti-el liners used or with other
candidate liner .Anterias. '-Te pressure veseol performnce factor of NV/V
showed the gaphita vessels lo be ccanetitive with boror and tvo-thlxd as hiLb
as fiberglass.
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MThs report describes the resul'o o" tests of graphite fiber coEooitas at
cryogenic tzoperatures. The tests 'o'.e to get preliminary data leading towrd
use of this mterial for cryogenic taWks,e for spacecraft.

This report surzes the results of Tasks I and II3, which covered the piod
Juze 1967 - August 1969. Work is continiftg, vith tasks M! - VI in r gress.
A report vill be Issued on Task XU tf another on Tasks IV - V1. Tho vMk
was fuode as NASA Defense Pu-ehme Request C10360B by the National Aeronautics
and Space Afdinistration (RAS.), lvis Research Center, Cleveland, Chio.

The NASA Project *n&M was X. N. F. lark.

(3GE G. BAL
Captain, USX4
Commnder

ii

AIM MO



,o ffX3

coMOSTS

A* . . I ... .... c.. .... ... . . . . . .. . . . . . . .

C- S .- -$ER W K. ... . . . . . . . . .

A. T KX ... ... ... ... ... ... ..

M. terials .. .. .. .. .. .. .. ....... .
a. Fibers . .. .. .. .. .. .. .. .. .. . . .
b. Fiber Surface Finishes . .. .. .. .. .. ... 2
c. Resins . .. .. .. .. .. .. .. .. .. ... 2

2. Coc: osites . .. .. .. .. .. .. .. .. ..... 2
b. Sttrand ........ .............. 1

c. NOL Ring ................ ... . 3
d. Cefficient of Thermal Expansion Secien 3

3. Te Fr-tb res ........... . .... . 3
4. Tests .. f......... ............ . 3

B. TA Ren s .................................. 3
. Bt nuctins Analysis and Desi3n ............

2. Fabrication ............................... 5
3. Tests ...... ........................... 5

ni. R9 .................................... 6
A . .t Anal .. ..s ........... .... 6

1. Tensile Strengths of As-Received Fibers ........... 7
2. Tensile Strengths of Whiskered Fibers ............. 7
3. Tensile Strengths of Etric Acid Treated Fibers . . .. 7
4. Cycling Fatigue - Split D Tensile (Bending) Test . . .8
5. Tensile )oduli ........ .................... 8
6. Flexurs. strengths ....... .................. 9
7. F1exual )t. ........ .................... 9
8. nnerina' Sher Strengths. . .............. 9
9. Resins .............................. 10
10. Coefficient of Thermal Contraction .......... 10
11. Testing at Liquid Hydrogen Temperature .........
12. Choice of Mteials for Task nl ............... 12

B. T= ..... .......................... 12
1. Vessel Fiber Tensile Stren. ............ 12
2. Filamnt and Cc;osite Thicknesses ............ 13
3. Vessel Fiber Content ...... ................. 14

a. Tbornel 50 Vessels ... ................ 14
b. itrgsnite n Vessels .................... .. 15

4. Pressure Vessel Strain ...... ................ 15
1 5. Pressure Vessel Performance Factor .......... 16
IV. DISCUSIY ...... . . ...... ................... .. 17

A. DISCSSIGI OF TlE Pi=MD ..................... 17
B. YIN TMItIE Snix r. .................... 17

1. Room TeMeratue ...... ................... 17
2. Cryogenic Teaperatures . . . .......... 17
3. Yffect of Whiskerinia and Nitric A Pber .- -fte

TreatMents ........ . ........ ...... 18
4. Effects of Cycling Fatigue . ......... 18

C. MII AIIDU VXETDfl 3 7JMWflf . ........ 18

iii I-
tWIASSI32D



VOISR 69-3183

D. FLUMN&L MODUJLI AND S~TI210S . * 19

G. GIA11I= Fr QWUUM . 20
H. Bn=I FrACIn= or vE~sl . 20

V. CONCLUSICtis . * 21
VI. RECMMENTIONS *22

VII. FOLLW Off WORK 22
................... ... . .... . .... . .. .. . .. .... . .... .. 23

APPNDIX A. RESN CCtVLN% rMMM . ..... .. .. .. .. .. ... A-1
APPEX-'TC B. AmERSW-MWE!AL ST~AwD TESTPROC~EDURE.. .. ... . .... B-i
APPFDLC C. PRESSURE VESSEL DESIGN .. .. . .... . .... . .... C-i
APPSEDE D. FABRICATICH OF VESSEL LNES. .. .. . .. .. . ..... D-1
APKDII E. VESSEL WIDING 1VO ~' ! .. .. . .... . .... . ....- 1
APPEDIX F. VESSEL CGN IC T04 FRCCBIA. AND INSRU3MAIH. . . . F-1

ILTJEAAMI'ICS
Filo- Title

1 Grahite Paving and Yarn on Spools
2 A) Strand iAeady for Test

2B Tensile Bars for Modulus and Strength
3(A) NOL Ring
33) OL Ring In Split Pin Mo~dulus Teht 712ture
3 C) NOL Ring in Split D Strength Test Fixture
3(5) Cryogenic Sheer and Flexural Strength Test Fixtures
4 A )4tal-Lined Graphite Filanent Wound Pressur-e Vessel -8.00 Dia.
4(B) Does Detail fr'? 8-In. Dim. Pressure Vese~l.
5 Thornal 50 Filament Wound Tresauro Vessel T-1
6 Thornel 50 Filawnt Hound Pressure Vessel T-3
7 Thermal 50 Filament Wound Pressure Vessel T-3
8 Morginite nI Filament Wound Pressure Vessel 14-1
9 Fiber Tenaile Strengths

10 Fiber and Composite Tensile Strengths
Ul Fiber and Cmosite Tensile (Banding) Strengths
12 Fiber Tensile Strengths - Ubiskered Fiber
13 Filament Tensile Streagthe - Whiskered Fiber
14 Fiber Tensile Strengths -Nitric Acid Treated Fiber
15 Fiber end Coposite Tensile Strengths - Nitric Acid Treated

Fiber
16 Fiber Tensile Strength, end Copoite Interleuninar Sheer

Strengths - Nlitric Acid Treated Fiber - Thornel 50
17 Fiber and Composite Tensile Mduli
is Fiber and Composite Tensile (Bending) Moduli
.19 Fiber and Composite Tensile Mduii. - Nitric Acid Treated Fiber
20 Fiber and Coposite Flexural Strengths
21 Fiber and Coposite Flexural Moduli
22 Cuposite lnterlaminar Sheer Eftrengths

iT



N-)= 69-163

fl~w'cTitle
23& CoVczite Interleniner Shewr Strengths
23b Composite Lterls=Iwa Shwr Strengt~hs
24 Viscosity of' Resin/1L--rdener System M1ssured at 22*C
25 tfltknte Graphite Pilaaet Straigths at Vessel Burst Pressures
26 Post "-' - .. oLogrea lank T-J
27 Post Tett Itotogrs$b TLank T. 4
28 Pest Tact 1bto~emb Tank u-5
29 Pressure wo. Strain tor Burst Test at 22'C (75-F) Tsixk T-1
3P Pressure vs. Strain for Buret Tact at 22 C (751? T -2
31 Pzessun- vs. $troln for Burst Test at 22'C (75"?) T -3
32 Pressure VS. Strain for Burst Test tit -195'C 'Yao'Tn T-4
33 Pressure va. Strain Tor Burst Tesit at -253C (43"?' Tan -5
34 Pressurs vs?. Strain for Burst Tust at _2530C (~43"5 Tan -6
35 Pressure Ye. Strain for Burst T est at 22'C (750?) Tank N-i
36 Pressure, vs. Strain for Burst Test at -950 (-z0? Tak-2
37 Presieure vs. Strin for Burat Test at -253"0 (-4347 f M-l3
38 rtPre v.,. Strain for Bturst Test at -2.94:c (-320 V) Tank x-4
39 Pi-easure vs. Strain for Bunt Test at -253" ( 1423"?) Tank 14-5
40 Ave-ure vs. Strainm f-ir Burnt Teat at 22 0 (75?7) Tank 34-6

0-1 Thaenel 50 Pressure Vessel Stres--n Relationships Hoop
DIrection, of Cylinder, 22'0 (754F)

C-a vtrgadte (Tpem 7-1) Pressure Vessel Stress-3trato Relation-
sbps Hoop Direction of Cyllinder, 220C (7507)

C-3 Tbornel P0 Veesel ITreiwe-train Relationships
C-4 ?brgixxite (Type II) Vecse :cssure-Strain flelntionnhips
7-2. location of ntnnb-c.#Atioax on Test Vessel
Y-2 Pressure vs. fcwcrature - LIquId Nitrogen feet
7-3 rensur vs. Tapearature - Liquid Nitrogen Test

Table Title4 ram
1.-A ?tbcil ProertieR of Iiornel 50 Yarn. .. .. .. . . . 24
1-B wv4-'eic&ie 1ax-roerties of ~Mogatite Tow .. .. .. .. ..... 24
2 Pnbricalicm Data Sunary - Twelve Graphite Uilnet-

Wou.nA Vesse's .. .. .. .. .. . .. .. . .. .. . ... 25
3 treacur-a Vessel Performance Stumary .. .. .. .. .. . ... 26

C-I Design P~reentero for Grapite ?Unrmnt-Woumd Pressure
Vessels .. .. ............... .....- 7

C-2 lflreosiotsl Val teiril*Franters - ;raphite*Pil;,.;a-
'Wotm4 Pressure Vessels....... ..... . . . . .. . . . .00

Y



DoM. 69-183

S it 8  . MwnoMIwzn

The 6:rphite (or graphitic) fibers are candidate materials for -king con-
tainers for pressurized cryogenic liquids. Filament wound cwtAners made from
these fi-bers ghouli give wall strains of 1% or less. Use of glass fibers has
given strains of 2 - 4%, too high for the al mftr capability of the rterils
used as the internal liners to prevent gas leak!.:e (refs. (a) en. (b)). But
little is knoun of the mechanical properties of bra*iite fibers c.I cryogenic
teperatures.

This program was done to ob, sin data on the strengths and modiai of graphite
fiber copositee at teperatbres down to liVid hydrogen tenperature. urk was
dividel by RA into Tasks S - VI; only Tasks I and II are reported herein.

.sk I was a prellminary investigation of several fibers, resins and fiber
finishes in various combinetioas as unidirectional co=posites. 1 Task II was
the design, construction, and tsting of ffLsnt wound pressure vessels using
the best materials from Task I.1 Follow-on work, involving Tasks M3, IV, V,
and VI, in now under way at this laboratory and will be reported subsequently.
In. :tigations of both graphite and boron in this application at other labora-
tories are being pursuad (res. (c) and (d)). Data from all of these tasks are
expected to find eventual ust in the design of filament wound cryogenic con-
tainern for USA spacccraft.

A. TASSI

Task I vat an exploratory investigation of candidate miterials. Five fibers,
two resins, and three fiber surface finishes were combined in various combina-
tiona into unidirectional canposites and tested for mechanical propeaties at
room and cryogenic temperatures. Not all cobinations of materials were exposed
to all tets; se =mpr sing combinations were eliminated early.

1. Itterila

a. Fibers. The following table shows the fibers used in this study:

Surface
Treated by

Fber Form l t ufacturer Sized

PMS (trganite) I Tow 6 inches No No

)Crgnste n U ov 1 meter & Some untreated, No
continuous some treated

Thornel 50 2-Ply yarn Contiuous No Yes - WVA

Bitco MG 2-Ply Yarn Continuous No No
Saro 320 ToW 6 inches No No

1 Task I was done by the Naval Ordnance lAboratory, Silver Spring, hr land
2 Task II was contreacted to and done by Aerojet-General Corp., Auss, &r.l.;

Project tmxager Richard Alfring.
1
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Fibers, as received, were experimental or early Production lots
from manufacturers and, in some cases, exhibited faults which would not, be
expected in volume production. Included were breaks, stiff spots, and sifl I
fuzz accuzl.sa . Poor packing, resulting in fiber dmge during shipment,
was sometim's evident. These faults eade handling the fibers and getting good
composites mwre difficult. Figure 1 shows fiber yarn and tow on spools; no
special fiber daage Is evident in this photograph.

b. Fiber Surfa .inishes. Fiber surface finishes were applied to
increase the resin-to-fiber Zb-d to determine the effect on cosposite
tensile strengths. The following table shows the finishes tried:

Finish Applied to Fiber

None - fiber as received All
Whikering All
Nitric Acid Boil Thornel 50, EM 25,

RAE Type 1, and SAMO 320

"'hiskering" is t% process of depositing B-silicon carbide whiskers
in the amout of 2 to 8% by vo-ght on the surface of graphite f.bers by exposure
in a furnacg to specific gabes. Whiskering has produced shear strengths of up
to 140 x 10 n/in (20,0CO psi) in graphite fiber composites. It is described
more fully in reference (e). The nitric acid treatment was reported by Herrick
(ref. (f)) and consists of reflcing the fibers in 70% nitric acid for 24 hours
and thea water washing. Both treatments reduce the tensile strength of the
fibers. The inclusion of such treatments in this prcgram was to determine if
increased resin-fiber bond would yield uniexpected composite results.

c. Resins. Two epoxy resin systems were chosen, as follows:

Resin 1. ERIA 2256 Resin
ZZ1 0820 hardener 27 phr

Resin 2. Epon 828 resin
Duodecenl succinle anhydride 17EVoI lO1 20 Phr
BD% 1 phr

All ingredients were standard or cormrcial &ade. Resin 1 was
chosen as a standard for conparison. Resin 2 was developed by Arojet-General
for cryogenic use with glass (ref. (g)).

2. Composites

The composites made were the following:

a. Strands. A strand Is a single fiber yarn or tow dip-ispregnated
with resin, hung straight, and cured. After curing, tabs cre bonded to the

ends for gripping in a tensile strength test fixture. M'e general procedure
used was essentially what is now a tentative ASTM specification, reference (h).

2
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Figure 2a shovs a typical strand ready for test. Strands were used to asnrt:
the tensile strength of the graphite fibers.

b. Bars. The bar design used In this study is shown in Figure 2b.
This has unaiectloaal fiber, cut to length, impregnated with resin, then
band laid in a rold snd cured. After curing, electric strain gMes suitable
for cryogenic liquid Irrrslon were bondt4 to each bar specimen. The bars
vre used to measure tensile moduli of the graphite fibers.

c. NOL Rings. The NOL ring, descrebed in reference (i)) was used as
a s;upplcmentary specimen to obtain additional tensile modulus and strength
data, and it also was used to obtain tensile fatigue data at 75% of ultimate
stress for 1000 cycles. Other tests rum using ring segments were short beam
interlaninar shear strengths and 3- ot 4-point flexural strengths and nduli.
Figire 3 shows an NOL ring and certain fixtures un.d in testing HOL rings.

d. CoeffIcent of Therval ion Specimen. The coefficient of
thenal e rps pei-zen consisted of a uidirectional molded laminate 10 cm
(4 in.) long, with a thickness and width of 0.318 cm (0.125 in.) and 0.635 cm
(0.,'50 in.), respectively. After thermal expansion measurements, the bars were
cut into shear spez anas of 5:1 sian/depth ratio.

3. Te ratures

Test tezeratures were 22C (yaF), -195*C (-320F) (liquid nitrogen),
end -253*C (-4237r) (liquid hydrogen). NASA, L vis Research Center performd
the liquid hydrogen testing. ot all specimns were tested at all temperatures.

4. Tests

The folloving table smmarizes the specimens and tests.

Conpsite Test FItthod

Strand Tensile Strength Ref. (h)

Bar Tensile Modulus Electric Strain Cage

Ring Tensile (Bending) Modulus Rlef. (i)
Tensile (edn) Strength ttef (i3- or 4-Point Plexural )tdulus Ref.
3- or 4-Point Flexural Str. Ref.
Short D&uz Shear Strength ref.
Tensile (Lending) Fatigue

Strength, 1000 Cycles, 75%
of Ultimate Stress Ref. ()

All Resi' Content Burn-off, Appendix A

B. TASKUn

Taek n was the desit, fabrication, and testing of 12 closed-end graphite
f"a nt wound pressure vez.Ws, approxivately 20 cm (8 in.) in diamoter and

3
MCIASSIFIRf



tMIASSIPZE

33 en (13 in.) _n length. The pur'pose of te-sting the vessels v5 to determine the
effect of teat teeratures on the burst strengths of the vessels. Mterials
used ere T.ornel O ind wDVite e * graphite fibers and rsin 2 (3/0SA/
fEol lrBD), as she to be be t from Task I (Section IIu.A.12).

I. Sructural Analsi 1 0 and 1 h e o .

The metal-N , filament-o. test vessel a a vlosed-end cylinder
designed to Tahevk . lon htudi l-to-cire t iern l strain ratio of approxi-, mately 1:1 and a burst pwessure of 17 to 1° x 106 n/m2 (2500 to 2750 Psi) at

__dC (v5*F). This vessel, fabricated frm sinlne lo ttudin windings and
circumferential winding e lound over a 0.015 c (0.he 1, tw thick Type 3 s s
fol- liner, was selected from experien e acquired in evivus develonent efforts
(refs. (c) ant (d)).

It vus assumed tat the ultihe ftlhns l stress for the longitudnalR windings was 8.5rT x i0 n/= 2 (130a000 psi) and 10% higher, or 9.85 x 108 n/c?-

(143,000 Psi), for the hoop filaments. This design s cndh was selected fromthe resu~lts of Task 1. Although different strengths were expected for Thornel 50

and . -sto (Type 1n) in the vessels, a single et of design stresses was used
to facilitate a comparative evaluation of the two graphite f ilaments.

Two vessel designs were prepared and analyzed in detal, one for inIn
from Thornel 50 yr and one for thed ead from r yner, II tow. hooever, midway
through the program It was evident that two tys of organite II vessels should~be fabricated and tested. Thic was because the Morganite II tow received from

i, N0L had a larger croc:-sectioa area than anticipated, produced a heavier

vessel than desired, and gave a design burst ressure 40 to 50% higher
that of the Thornel 50 -s aels. To allow fabrcat n of six vessels with the
available Morganite II nateral. three vessels tere mtr- co the initial
Hal~rgtte 11 requ~remnts (called "tiree-thrds Tall vessel") and threevessels were made to a modified design (callted a "two-thirds wall vessel"'/.
The "two-thrs wal vessel" was woud with four layers (two revolutions) of
longitudinal and nine layers of hoop winding. The balance of the discussiou

irelaes to the ten of the Tornel 50 and U.gavite n (three-thirds wall)
' vessels.

Dimensions of the head contours and other vessel charcteristics were
defined with the aid of a computer program that analyzed and provided design

# parameters. This program defined the optimum head contours, the filament and
i liner stresses and strains at various internal pressure leve.Ls, the required

. longitudinal composite thickness for the heads and cylinder, tw-v hoop-vrap thick-
- ' ness for the ey lilder section, the filarket path length, and the wight and voltme

of the compnents and complete vessel.

;_ib;&_nRte II fiber is ales available from the manufacturer in C surf'. e treated
version, designated Kbrganite XI S. It was the Morgiaite II S vh:ch .*,ke un-
pylied and used throughout Task 11. But in the Tusk II text and figures, the

~fiber is reterred to simply as brgsite 11.

ii
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The design of the vessel, resulting from the cosputer proram, is shown
in Figures 4a. and 4b. The design includes a metal foil liner, en adhesive
fiberela.es acris cloth layer to yvomte better bondIng of the liner to the
graphite vessel wall, and alternting longitudinal and hoop vindings of graphite
fiber inprepated vith exy resin. Design parameters, winding pattern calcu-

lations, and an anlysis of the stresses, strains, and Veights are show in
Appendix C.

2. Fabrication

Graphite filment- vmd, metal-lined tanks were fsbrL-ated La accordance

with the deig shown in Appendix B. The liners were .le from ASI Typ 3014
stainless steel by pressue-forming the end dome, zchning the polar bosses,

rollng a cylindri.* section, and roll-resistance seam welding the segnnts.
The liners, covered vith scrim cl~th, then were overvound using In-process
epoxy resin impregnated raphite fibers. TWelve tanks veie fabricated and
teste-': six of Thorel 50 graphice yar and six of lMranite IU graphite tow.

In addition to the twelve vessels, 137 graphite strand test spec imens were

falricated and tested.

Liner fabrication was in accord vith previous york done by Aerojet and

ls described mre fully In Appendix D. The graphite filament used In the wind-

ind was 12 pounds of Thorl 50 and 12 pounds of brgpalte 11 8 suplied by

NOL. ita, supplied by the ,Anufuturars, for the fiber tensile duli and
strenGtha of these fibers are shown in Table 1. Way of the rolls were tested
by Aerojet for the suie properties. t nctmometera for measrning elongation

were monted directly on irx7re zted and cured fiber strands. These procedures

are described in Appendix S. (lse massured properties are also shown in
Table 1.)

An extensive decriptin of the winding of the va gels In given in
Appendix E.

A mabor of prablol were encoutered during the tWr-ication of ftlament-

wound vessels. Such oblam Included yan and tow received frc'm the mnu-
facturers in por ecnditi n, may 1ibr breaks encountered 4urinij collAtion
and vinding, high resin pickup, fMr slippage an the dems during winding, AM

fiber "wash" end vrinkln when vacvA beg cures were used (Figure 5). So.
of the problems wer reduced or solved early, and othas were wt resolved
prior to cc~letiol of the winding propgam AL ver typical oC first use of

a new or experimtal mterlW. 3h all, 11 of the 12 vessels ve omdered
to be adequate in construction &nd suitable for test. Only vessel )M-2 was
considered substandard in construction, and results of this test ver partil&ly
discounted. Figures 6 - 8 show typical coipleted vessels. Table 2 gives a
fabr.-fttion data summary for the vessel3,

3. Tests

T-i 20 cm (8 in.) difemter by 33 Cu (13 In.) long graphite filament-
vound, metal-lined tanks wre tested to deaeraine their buret strengths and
strain vs. pressure charateristies

512. L3AITD
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The 12 vessels were subjected to single-cycle burst tests at a rate of
pressurization that ?roduced a strain of approximately 0.25% per minute in the
lonLtujdna3 and circrerential directions. Five were tested at 220C (75 *F),
3 at -195*C (-320'?), and 4 at -2530C (-423*F), as shown in the following table:

Fiber No. of Vessels Test, C

Thornel 50 3 22 75
1 -195 -320
2 -253 -423

Morganite 11 2* 22 75
2* -195 -320
2* -253 -423

* Includes one "three-thirds" vessel and one "two-thirds"
vessel.

Data recorded continuously were the internal pressure, exterior-surface
temperature (cryogenic tests only), and defl.tion vs pressure relationships at
three points to provide hoop and longitudinal strains. One set of hoop-strain

seacurements was made at the center of the cylindrical settion, an two bets of
axifa-strain measurements were made at different points along the cylindrical
section. In addition to the strain measurement instrmentation usually used by
AreoJet for testing, long-wire strain gages were evaluated by installation onall six: )1brgaite 11 Yessel.

Water was used for pressurization for the 220 (750F) tests, liquid
nitrogen for the -195'C (-320'?) tests, and liquid hydrogen for the -253'C
(-423"F) tests. The test fixture consisted of a vacuum chamber with provisions
for instrument leads and vacuin-jacketed Fas pressurization linec and cryogenic
feed and vent lines. Remote instruments recorded pressure, temperature, time,
and vessel strains. A television camera and audio system provided for viewing
and listening. The tests ended at vessel rupture, as Indicated by noise and
sudden pressure dropoff. More details of the test procedure and instrumntation
am given in Appendix F.

M'i. RESULTS

A. TASK I (Investigation of Fibers, Resins, end Finishes)

In general, cosqared to ambient temperature finer properties, values X!
fiber tensile strength tended to decrease "hile tensile, moduli tended to
increase when tested at cryogenic temceratures.

Tensile strengths were masured using four different specimens, as follows:
rcsin-impregaated strands, individual (dry) filaments, molded laminated bftrs,
and NOL rinGs. These specimens were made from as-received fiber, whiskered
fiber, and nitric acid treated fiber. Two different epoxy resins wero used, and
specimens were tested at both room temperature and liquid nitrogen temperature.
Because of the large number of variables and specimens involved, this work
constituted a major part of the whole effort on Task I. The results are shown
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in Fi ures 9 - 16 and will be discussed In more detail in the folloviti pars-
graphs. The determinations of tensile eoduli, flexural strengths and moduli,
und interlaminar shear strengths constituted the remainder of the work. These
results are shown in Figures 16 to 23 and are discussed in the following
Paroraphs:

1. Tensile Strengths of As-feceived Fibers

Tests of six resin-ipreated strands gave room temperature strengths
rezging from 13 x 108 n/z 2 (109,000 psi) to 21 x 1 0 n/m2 (30p,000 psi) Vith
Morganite II being highest. Figure 9 sovs all values. Mo1ded unidirectional
laminate bars gave ssebat loyer values. O the four fibers sted fiber
strengths ranged from 7.5 x 105 n/A2 (115,000 psi) to 15.2 x J0 n/Ji (220,000
psi). Figure 10 shows thee valwue. Filamnt wound NOL rings gave fiber
strengths about the saw an the molded bar@, rani from 7.9 x 100 n/R2
(1143,000 psi) to 16.8 x 10 n/a2 (244,000 psi) for three fibers tested.
Fi&ure 11 shows thes values.

At liquid nitrogen terature, the three types of tests gave reasonably
consistent results. MIrVgnite I1 showed an average 30% strength drop, while
aJl. the other fibers pve sch less Chags. Thornel 50 was particularly Iume
to teaerature changs, varying in strength no mare than a few per cent In any
of the three types of tests. The result was thf at liquid nitroge teperature
Thornel 50 has about 90% of the strength of brpnite 11. Figures 9 - 1 show
the strengths of strands, bars, ad rings at liquid nitrogen temerature.

2. Tensile Stroth of Whiskered 1 Er

Both resin Impregnated strand. wan Individl (dry) filamnts (11.40
filamnts in TIornel 2-Ply yrn; 10,000 flamets In erganite tow) were used
to measure tensile strengths of fibers whiskered by Therokinstic Fibers, Inc.
Both methods of measuement showed vhiskering to lower the tensile strengths
by 5 to 70%, with heaviest vhlskwln giving Seatest reductions. The rarn
precursor fibers shoved lest reduction, with Thornal 50 having 5% reduction
with 'cedi -heavy" vhiskerlg. e arylonitrile (PAX) precursor fibers
(Mrganite and Courtaulds) shoed 25 to 0 redmtion resultit f "light to
medium" treatments a 70% reduction from heavy" treatmete. Whiskered
Horguio tI was tested in .iquid nitro n as a strad, and again the strength
reduction due to taerstu"e was ewoumtered-*1n this case, 10%. Figure 12
gives coulete data an the s whiskered strand tensile strengths, ad Figure 13
shows Individual whiskered filamnt tensile strengths.

3. Tensile Strengthe of Nitric Acid Treated Fibers

Nitric acid treated fibers vere tested as strands, individual filaments,
and molded bars. Tests of two fibers In strano gave room teqserature strengths
from 10.2 x 100 n/n2 (118,000 Pi4) to 13.9 x 100 n/&2 (202,000 psi). These
represent 2 to 13$ strength decreases over the corresponding untreated fiber.
Data are shown in Figure 14. Individual (dry) filamnt tests of Thornel 50
shoved a 19% drop in strength of treated fiber, shown alpo in Figure 14. Tests
of four f bers In moldd bars Save strengths of 7.5 x 100 n/a2 (110,000 psi) to
14.9 x 100 a/m2 (206,000 p i). These are nearly identical to the values for
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as-received fiber, and are shown in Figure 15. A short-tern Investigation was
done on the effect of varyirg nitric acid treatment times on the tensile strength
of treated fiber. Some sc cter in the data was encoumtered, but the general
indicatioa is an initial tensile strength drop of 15 per cent from the first
four houre of treatment, with no .dditionsl drop up to 48 hours of treatment.
These results are shown in Figure 16.

At liquid nitrogen temperture, nitric acid treated fiber showed more
tensile strength drop than did as-received fiber. Yorganite 11 was not among
the nitric acid treated fibers, bit the others, which showed little change in
the as-received fiber t;ests, dropped 6 to 30% after nitric acid treated.
Both strand tests and bar tests gave essentially the same results. This
appreciable drop when cold, coupled with the drop resulting from the nitric
acid treatment, reduces these fiber strcngths to rather low values. The best
value in strands, when cold, was 12.2 x IOP n/m:2 (,L77,000 psi) for Thornel 50,
and the best value in molded bars was 13.0 x i18 n/m2 (188,000 psi) for Mrganite
I Figures 14 and 15 give complete results.

4. Cycling Fatigue - Split D Tensile (Bending) Test

NOL rings were made using Thornel 50 and h 25 graphite fibers. These
were tested using the Split D te~t tixture at 15% ultimate st sss (then tack to
no stress) for 1000 cycles. CyLling rate was seven cycles/minute. When sub-
sequently stressed to failu-e, a comqrison of strength with the strength of
uncycled controls gave the extent of degradation due to cycling. Mese tests
showed that rings made from Thorndl 50 were weakened by roor temperature cycling
by 10%, "out cold cycling resulted in ctronger rings which gave higher brea
strengths tha the cold controls. JUG 25 gave a iore expected eesult, wit
room temperature cyc4ing causing a I7 strength reduction and cold cycling
resulting in a 9% reduction. Figure 11 hora these results.

5. Tensile Wduli

TeusI.e moduli vaiueu were determined from moldeu. bars and from ROL
ring 

1
est speciens. The ring test Is more of a bending modulu3s, and so -ing

test results 'ill also be co'spuxed later vth Xlexural moduli results. First,
the fiber moduli generally translated at 100% effectiveness into composite
moduli. 'When fiber moduli were known, either by manufacturer's data or by NO,
r, asurements, the composite mnduli could be predicted quite accurately by knN-
in, tha fiber content and applying the rule of mixtures. ibis was expected, since
it I s typical of unidirectional fiber reinforced composites.

Second, the fiber (and comp~s.te) moduli nearly always increased when
meas.r d at cold temperature as cozre¢ to room temperaturz. Of fcur fibers
tested z bars, three of them showed 5 to 20% moduli Increases vLhei cold, and
one was unehangtd. Tests with ROL tngs gave the san absolute values and the sae
percentage increase . cold. R lts of mduli tests of bars and ringF are
shcun in Figurev 1-f and 18., Ri:g ;ude from Thoine. 50 =-nd tested after fatiguing
for 1 0O cycles at ", % stress slwx no change in roodAli due to cycling. No other

fibers were cyc],, tested. These results are shown on Figure 18.
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Four nitric acid treated fibers were molded into bars, and tests shoved
the nitric acid treatmnt to have no significant effect on modull when the bars
vere tertod at room temperatue or vhen tested Cold. Thes results are som
in Figure 19. To smmarize the results, moduli increases can be expected when
tested cold, avera i 10% an ranging from 0 to 20%.

6. Flexural Strengths

NOL rings mede from "-received fiber were cut into 3-inch length tecg-
ments and tested in 3-point bending at 16:1 span-to-depth ratio for flexura
strengths (and moduli). Five fibers were used. Two of them, u'pite II and
4organite II S gav such hig fiber strengths as to be in a Uss by themselves.
These strengths, 20.6 x 105 n/s (300,000 pel) and 24.7 x 109 n/&? (358,090 psi),
were thr-e tims as high as the next closest, 3O3 25, vhIch gave 6.6 x ]0P n/mn
(96,000 psi). Al strangths were relatively uamffected by cold. lesults are
shown in Figure 20.

1. Flexural Ibduli

The me ring segments tested for strengths geerll yore s1 tested
for moduli. Fiber mduli at room temperature for four fibers tested Ove
reasonable agreement with moduli obtained from the IM ring baIng test and
from the tensle bar test. Hoever, the tuduli of Thoranel 50 Ged IC 25
flexumi specimens inacreed ram 32 to 62% vben tested cold, as coqared to
an average 10% Increase for the ring and bar spec amne when tested cold. Sm
of these flexural tWsts were peated, with esemt&&y the same results.
Figure 21 gives thes rouelts.

8. Interlsainer &ar StreNh

A coldAerable mmat of inter l as r shear strgth dat were eneated
both from ROL rings and moldd bars. at five as-receied fibers tested in rings
at room tew rt , Nrnito I 9 gave by far the M&Gest Interlamilmr shear
value, 91 x 0 /u 2200 psi). Value for other fibers In aeqposites ranged
frm 20 x 100 to 5k x I a/ (2900 to 7800 psi). Testing at liquid nitron
temperature# inuriably increased the shear strmhs, mrniwte nI s LocresaLng
by and te oers increaing by 2 to 34%. The values are shown In Figure 22.

Four fibers were ialed Into bars. xrpate II and Nenite IX S were
not a308 then; the fibers used gave shear strengths of 16 x 100 to 35 x 106 n/n2
(2300 to 5100 psi) at roam tePIeStue. At 14ud nitrogen teqerature, higher
shear strengths agai were obtained. bwoeases raged to over 00I, to 60 x 0
n/n2 (9600 pi) for 335 25. FIgures 23L ad 2e s the results.

Som of the fibers wre nitrie seld treated w* them aided into bars.
When coasred to a-received fiber, the treated fiber Stve sinldficant inter-
laminar abear increases at room toqpemtwe. WO 23 was least affected, giving
12% increase for the treated fiber. Nmgnlt I had spectacular response to
the treatnt; shear valume going to 67 x 1o6 n/w (9700 psi) or four times
higher than as-received fiber. When tested cold, the nitric acid treated fiber
gave the exercted strength inrmses, up to 251. Treated 14'rpmnite 1, when cold,

9
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gave a value of 85 x 106 n/J- (12,300 psi). Values are shown in Figures 23a
nd 23b.

9. Resins

For the two resins used in this stdy, no aignificant difference was

fuujd in any composite mechbnical pro,.rt) which would indicate superority of
oe resit over the other. Wasuremnt of ,lust resin properties (not in com-
poeites) gave some ditferencea, as a'aown la the following table:

esins - Tested at Room Temperature

fiitial M)dulus Yield Ult iate
Elon- Elon-

gation Strength gation Strength
Resin 1212LQ psi % nI- psi I nm2 psi

) 256'(620 29.5 414,coo 1.7 55 8,000 5.0 99 14,300

Ei040/BDYA 20,5 297,000 1.5 31 4,500 4.2 50 7,300

Although resin 1 is stronger at tomz temperature, its use !n composites
did not result in stronger cce.sites at least for those properties masuaed in
this work. Use of resin 2 was easier be:suse of its longer working time, ats
shown in ?igure 24. Also, resin 2 was liEhter in weight, having a specific
gravity of 1.09 compared t3 1.23 for resin 1. For these reasons, rain 2 was
chosen for Tak UI work, us will be voted in a later paragraph.

10. Coeff 5 dent of TherMl Contraction

1 olded bar couposites nde rtrom four fibers, along with c.e of the
resins and three other materials for cli'bration, were tested for coefficient
of therrdl ontraLtion over the temperature range of +2*C to -195*C (295*K to
781K). Contratin r for 14 of the graphite coursite specimns vas extremely
low, being about 0.5 x 3.0" ' 

cm/cm, or 0.5 x 10- %, or 50 micro-cm/cm. The
following table givei more comlete results:

Therval Col mretion Between 29'C and -195*C

Reduction in Length Linear Cueff. of
rtT to 7&erat herL E4pansion Uan6book

Mtila rocent eitscm. " Pler "O Value

lorganite I Coposite* 50 ±50 0.2 ± 0.2 -
Thorn l 50 Comosite* 50 -5) 0.2 ±0.2 -

HM 25 Composite* 50 ±50 0.? ±0.2
SACO 320 Compobite* 50 ±50 02 ±0.2 -

(AU compositeL meesured in the fiber direction)
Fused quartz 75 ±25 0.3 .. 0.256
Steel 24o- ±123 9,5 W0.5 9.0

LW IASGIIED
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Thermal Contraction Between 22*C and -195C (continued)

Reduction in Length Linear Coeff. o'

Material rer/cu. l r -C Value

, uminum 4200 il25 16 10.5 17.0

Resin 2 in thle study 14,500 .1 Atrojet

Value

All with Resin 1

Cllculatlons of the thermal contraction coefficient of the bere graphite
fibers rwov t to be slightly neiptive. That Is, as the temperature gets
colder, the graphite fibers get slightly longer. Cobidnrg the fibers vith
resin gives cosites which get sllghtly shorter when colder# as shon in the
table. 'This is presented ae fully in section IV, "Discussion."

Other copltes made vith resin 2 (W28/E104l~0/30P4 MiA also com-
posites ade with nitric acid treated fiber vere tested. lI dl1fveren.e from
the value shown in the table ver foud. Note that values in the table have
apparently vide tolerances. This is beca me te accuracy of the essmante
was listited by the strndal AMU apparatus used. Total l ar contraction for
the four-inch long graphite e osite qseoims va cnl; two tem-tbouseadths of
u inch. The quar tubes ad rods of which the appartus Itself is Mde have

a greater contraction. INever, the apparatus a reults wn eeoletely
ad ate to sho that the gphite oeaplitaee have little tbeml contraction,
vhle the eplty res used with thn ha ower 200 time as nich contraction.
Therml stresams are Indicated, a" will be pointed out In the Kecuasion.

11. Tx!t! at Ltuld !&M te ture

The seope a! this work in Task I Included testing at liquid hydrogen
teseratuwe. This testing me done by *A&, liwl on sampes fabricated and
supplied by VOL. Scheduling proble at MM ad certain inonsaistencies in
the results prevented those dta fro being a useful mid consistent as
originally anticipated. The results gmerally were as follows:

a. Thornel 50 rings increased in tensile strength by 10% over results
obtained at -195*C (-320?*). This result also me confirmd by vessel tests
in Task II, noted elsewhere in this rport.

b. )Mrpite I rifgs Increased in tensile strength co wvd to room
temerature strength. This result is interpreted as being UmKeted and
umlikely and my be the result of a fabrication or testing error. It is
ixicosistent with the Task I test results at -l195C (-320e) A also incon-
sistent with the Task I vessel results.

c. Plexinel strengths of both Thornel and Morgantite goqeotes Vere
30 to 70% higher than previously obtained at either room tepature or liquid

UIASW]JD
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nitrogen temperature. These results vere unexpected, and we have no confirration
throwh other experlients.

d. InterlsAintr shear results were varied, with Morganite II giving, a
such higher value than its room terTature control end hornel 50 giving a Fawh
lower value than its room te,4erature control. We have no explanation for *
results.

e. Tensile aoduli generally were within 10% of the values obtained by
NOL in -i95*C (-320') tasts.

In all, thee resultz of testa in liquid hydrogen gave cow useful data,
but additional tests would be required to confirm or disprove certain results
which nov appear snomlous.

12. Choice of Aterals for Tnsk n
The final respomibility in Task I work was choosing two fibers and one

resin for the Task II work. The following were chosen:

)Mterial Renrka

organite I: S Fiber iighest room teaperature and liquid
nitrogen strength. HighesT interla-inar
sheear strength. Available in long (one-
paund) lngth*.

Thornel 50 Fiber Second hi4best strength at lUqid niro-
gen teqerature. Ioest fiber densil".

Resin 2 (88/reA/ longer working life than resin 1.
EHC4C/BDA) Lower reals density than resin 1.

Additional reasons for choosing the above two fibers v.-re to evaluate
the difference between a PAN precuror and rayon precursor fiber and the handling
dtff5rencer bct ieen a to and a yan.

B. TASK II (Burst Testing of Closed-End Graphite Fil._!t-ouud Presxure Veseel8s

Task II tensile stre-agth test data from closed-end pressure vessels, in
gencral, confirmed BOL ring tensile strength test .'4ta from Task I. That is,
Thornel 50 ten, Io strength was not reduced (even ii-reased in Task II) at cryo-
geni' teeperatures, but brgarLits 11 tmsile strength was reduced considerably at
c-yosenic tzm-eratures. Therefore, in both Tasks I and U, at cryogenic tempera-
tures, there was slight difference in the tensile strengths of the two fibers.

All vessels shattered n a brittle fracture meds when they failed. Photo-

greahui of typical tisted vessels are shown in Figunes 26 - 26.

1. Vessel Fiber Tensile Strengths

The comparison of fiber tensile streugths of Mrgsnite 11 and Thornel 50
graphite fibers obtained by burst testing closed-and filament-wound vessels is
shown below:

12
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ltrganite II was 46% stronger than Thornel 50 at aebdit temperature,
having an avqrage filament tensile strength value of 12.3 x 0 n/m? (178,000 psi)
vs. 8.3 x 10L n/eu (121,000 psi).

At liquid nitrogen temperature, -195*C (-320r'), excluding vessel M-2
data, Thogel 50 was 6% stronger than t1rganite n. having an average value of
10.2 x lOC n/m (148,0o pal) vs. 9.65 x l0 n/=2 (140,oo psi).

At liquid hydrogen temperature, -253*C (-423*F), Tlornl 50 was 14%
stronger than Morganite II, having an average v-lue of IL x 10O n/:9 (159,OuO psi)
vs. 9.65 x 10B n/6 (140,OO psi).

Thornel 50 gained 21% in strength at liquid nitrogen temperature and
31% in strength at liquid hydrogen temperature over its strength at ambient
temperature.

)orgsnite II showed reductions of 17% in stre:gth at liquid nitrogen
and 22% at liquid hydrogen temperatures compared to ambient tensile strength.
ThG 1.rganite II vessels were wound with two different wall thicknesses. Failure
stress was found to be influenced by val thickness. The stress at burst in the
thicker wall was 20% less than in the thinner wall. ThIG coteares to a 3% lower
stress in fiberglass vessels with a similar change in wall thickness.

Average hoop strengths and average longitudinal strengths for the three
configurations of vessels at the three temperatures are plotted for comparison
in Figure 25.

2. Filament and Composite Thicknesses

The fillznt thicknesses in the longitudinal and hoop wraps were cal-
culated as shown in Appenellx G, and, using the fiber content (vol. %) determined
by burnout, the composite thicknesses were calculated. They compare with design
requirements as follows:

Filament Thickness* Composite Thickness*
longi- Iongi-

Vessel Type tudinal Hoop Total tudinal He& Total

Thornel 50 0.092 0.157 0.249 0.178 0.300 0.477

brganite 11 0.114 0.178 0.292 0.302 0.472 0.774
("Three-Thirds" wall)

)brganite n 0.076 0.119 0.196 0.203 0.315 0.518
("wo-mirds" wall)

Design Requirernt 0.097 o.165 0.262 0.147 0.254 0.4o01

* All data In centimeters.

The filament thicknesses shown for the first two configurations differ
from the design requirement as a result of variation of the yarn weight from

13
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tat aticipated dxcg the deig pbae. Te variation uf the ratio of longi-
th & C.to-h p ftnamn thicae ses for the itrganite II was caused by the
decisml. to delete the .ssst hoop layer in order to develop more hoop failures

and, consequently, hl)ger hoop stresses. A review of the failure modes shown
in Table 3 indicates that the attempt ias successful. The high composite
thicknesses shown are a result of higher than anticipated resin content in
the coroslte. The fiber con,.ear. for the Thornel 50 vessels was 52 vol. %, and
for Zoraaite 11 vessels the fi:er content was 37.5 vol. % as compared with
65 vol. % anticipated during the design phase. The buildup of composite thick-ness in the Morganite 17 vessels was no doubt responsible for the 20% Ltrength
difrerence between the thla and the thick wal vessels. All vessels were wound
by using in-proceet' resin inpreanated fibers. It is very probable that filament
vlndMng with P loer resin content preinpregrdted yarn would allow attainment of
higher filaaent strengths as well as composite strengths.

3. Vessel Fiber Content

The graphite fiber content (wt. %) for the Thornel 50 and Htrganite II
vessels is shown in Table 2, together with the standard deviation for the six
individual determinations for each vessel. Also shown in Table 2 arc the
determined vs. known graphite fiber contents of the control specimens of I'r-
gSnito Il fiber furnished by NOL.

a. Thornel 50 Vessels. The graphite fiber content 0f the 36 Thornel 50
fiber strand specimens varied from 58.9 to 67.3 vt. %. The average graphite
fiber content for each of the six Thornel 50 vessels ranged from 59.7 to 66.0
vt. %. The standard deviation between the six specimens from a given vessel
ranged fr= 0.6 to 3.0 wt. %.

Vessel No. T-1 (Thirne 50 fiber) had the resin applied with a brush
and was cured with vacuum bag coaraction. If the high value for the specimen
taken from the kmuckle area is di carded, an average graphite content of 59.4
vt. % is obtained, the lowest for the six vessels. With the discard, the
standard deviation of the resnining five specimens also becomes the least of
that shown for the six vessels, rather than the highest, indicating a more con-
sistant resin centent.

Vessel No. T-2 was also compacted with vacuum bag pressure during
cure. The resin was applied, however, by pulling the fiber through a resin
bath and between "squeegee" :oilers. This vessel had the highest graphite
content of the six Thornel 50 vessels. The balance of the vessel, received no
c0maction during cure, since it was observed that vacuum bagging was seriously
degrading the composite structure (as explained in Appendix E). The remaining
four vessels showed fairly consistent graphite contents. The lack of vacuum-
bagging accounts for the higher resin content.. Vessel No. T-5 had tha least
and most consistent graphite content and the highest per-ormance factor, based
on actual composite weight (Table 3). But this is probably the result of the
increased itrength at cryogenic temperatures previously discussed rather than
the lower graphite content.

The average qraphite content for the six Thornel 50 vessels wan
(. t. %. Using densities of 1.63 gm/cm3 (0.0588 bi/in.3) for the graphite

14
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and1.06 9e/c 3 (0.039 lb/In. 3 ) for resin 2, the average graphite content by
volume for the Thornel 50 vessels was 52 vol. 5.

b. 4ro te n Vesels. The values of fiber content for the vessels
ra.nged from 4 5.9t i54. wt 16he standard deviation of specimens frost a
given vesel r aged frm 0.39 to .18 wt. . As a check of the poedure,
MDrgsnite 1 8 fiber copoaitee with known amounts of fiber nd resin vere
fabricated by SlL ad sent to the ontractor for fiber content tests. The
values obtained by the contractor for the spec isema ageed closely with the
knovn values. The Inaccurcies ranged from 0.02 to 2.94$ with an average
inaccuracy over the eight lots of 0.78%.

AU Nnbrpeate II vessela were eured without vacuum bag eoqctIou,
and l. but vessel K4-6 bad the resin applied by pulling the fiber through a

resin bath. n vesel W-6, the resin wa applied by brush in a attist to
reduce dasg obmv in pessing the to through the resin bath sad equeegee
roller. This vessel @oed the lovest gaphite content but "lso the met
consistent content of the three vessels of this thickness. (Veesel T*l, which
also had the resin bruh-applied, had the met consistent graphite content of
its group.) The average gaphite fiber et t for the three thicker vesels
wa 51.1 wt. 5 as conared. with 49.3 wt. 5 for the thinner vessels. Mis Is
probably due to a greater squesee-out of resin caused by the dAltioimal layers
of vinlings.

Vessel N-5 shoved about 8% leUs graphit fiber content then the
other two vessels of the thlck- sll eoastrqation. The reene for this is not
known. If Its burst Wesmwre of 19.2 z 106 nMu (2789 psi) Is ccawerd with
the 12.6 n/u 2 (1820 psi) burst ateseeo vessel X-3 (tested at the eame ten-
perature, -53C, but of a thtsmer wall), veasel *-5 had better perforiace.
This was nexpected, since in the discussion of filamet stresses, a reduction
of ultlmte stress of about 20% was obeve In the thicke walled vessels as
cmared with the thinnr walls.

The averae filaumt eotent for the six Jrsganite 37 vessels was
50.17 wt 5.tfing 4sities of 1.75 wp/ca3 (0.063 lb/in.3 ) for the graphite
f

4
-ber Lad 1.08 /ear (0. 039 lb/in.3) for the resin sstem (resin 2), the

a. orag graphite fiber content by volme for the Normnite nI vessels wa 37.5
vol. %. This very low raphit. eontent mast be imrovd In order to achieve
any significant weight moving with vessels fabricated of this isternal.

4. Pressure Vessel trai

AU of b*e vessels tested strained 0.17 to 0.5%, suitably low to function
properly with a thin metal liner. The strains coqared as follms:

Thornel 50 vessels were strained at burst (with one exeeption) fros
0.20 to 0.30%. The hoop sand longitudinal strains were approziintely ,?ul but
increased with Increasing strength as a result of cryogenic testing. The
filant modulus held betwe 35 and 38 x 1010 n/u2 (51 and 55 million Pei)
through the three teperatwres. The averap strain was 0.2%.

* Based on calculated vessel stress and maired strains.
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The Kirganite II vessels failed Pt strains ranging from 0.17 to 0.5%.
The average strain for all six vessels was 0.33%. If 'essel M-2 is e7sluded as
being non-representative, the strains range from 0.29 to 0.50% with an avera6e
of 0.391. The filsennc modulue for these five vessels ranged from 23 to
29 x i0

0 
n/m

2 
(33 ta 42 million psi), a rather high scatter of vralues, with an

average modulus of 27 x 1010 n/6
2 

(39 million psi)*. The strain arA modulus
differences between Tbxnel 50 and Mtrganite II stem from the differences -n
filament modulus as advertised by the supplier, namely, 34 x 1010 n/mP (50 million
psi) for Thornel 50 vs. 21 to 28 x 1010 n/v? (3a to W0 million psi) for )trganite

Vessel M-2 had some defective hoop vindings, and more vindi;a were
added to bring the defective area to proDper strength. The ropsi' VZ& only
partially successful, the vessel faili$g at about 86% of the iiterp rvted value
for its tezerature. The low hoop strain of 0.17% was attributed to the exte.
hoop reinforcement.

Graphs of strains for all .2 vessels are shown in Figures 29 - 40.

5. Pressure Vessel Performance )actor

The pressure vessel perforreace factors (pV/W) shown in Table 3 were com-
puted from burst pressure, volume, tjd coqoste weight actunlly .easured for the
cured vessels und range from 0.81 tc 1.2 x l00 cm (0.32 to 0.46 x 106 inches).
They reflect the weight of the resin-rich structure.and additional windings
added, as well as lowered strengths ',,sulting from other materinal and processing
difficulties encountered during wind' ag. In addition to the actual pcrformance
factors noted in Table 3, perforinnr.e factors for hypothetical vessels were
calculated.

Using the filment weights u\td in calculating filament streasses (based
on a uniform -inim wall thickness), Lo\ether with a reduction in resin content
to obtain a 65 vol. % fiber content, ., werformance factor for a hypothetical
vessel was calculated using the actuA burst pressures achieved on the test
program. This performance factor i' believed to b-s achievable for the three
vessel configurationc on future progwv and is probably conservative, since it
includes only a reduction ip reight wht:h appears feasible and doe.) not. take into
account the increased burst press es wilich may result from such inprovements.

The perforsance ftctors for the 'irroved" or hypothetical vessels and

also for S glass and bron filament vom sal- are shown in the following table:

Performance ec c: x 10-6

v_ S;;,*_ in. e in. cm

Thorne). 50 1.22 0.48 1 50 0.59 1.60 0.63

brganite II 1.62 0.64 - 1.42 0.56

(Thick Wall)

Based ou calculated veasel stress and mnh'ur( b: ,i, .
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Performance Tutor x 10.6 (cttAue4)

22'C -195"C
Vesaftl Tye aSa In.~ iiMh i; in.

Xbrgamits 11 1.98 0.78 1.5 0.57 1.Ao 0.55
(Mir. Wanl)

S Glass 2.3 0.90

Boon Filamnt I: .0
12Of - 'C-

IV. DISMCEU

A. DIXCUSBSI OF TU PRtO.3

The dividing of the vk Iato a preliminary iavestlotlm ot mtrials (Task
1) and the winding of vessels usiag the beet interial (Tak U) was devised by
persc."wa of ZASA andKL. 3 hiLs pocedure pgo entirely suitable and shoed
the best materials, as well as giving an Iication of problem. S changes
might be recoemided for similar future pogwm. These ae presented in Section
V1. Recmedations.

D. FIDU TEuRn MMMOiM

1. Roca useratywe

Fiber tensile streseths at roam teerature rangd rm 13.8 x 1dS a/uP
(189,000 psi) to 21 x i0D.AW(305,000 gei) -s measured by' strands In Task 1.
Values 1r cossItent1 e the mnatseturer's apecifioatin wvlvms. Nleded
bare or f lmeat wound rings gve 61 to 80% at the fibo strgth of strands.
This is typical; ae masive speelm give lower val e. Also, the !4;Lit-D
test for rings ioses a teeIng lad vhisk to nt corrected i& the stress
ealculatiMnm.

Task II str tests Oa " Ias 50 at roam tempatwe pve 14.9 x 108
n/m2 (216,000 Rai) or 83% of the matetwer's value, GM tesft of Nbrnite 11
gve 20.2 x 10D n/? (293,000 Pai), or 79% It the Mtuctur's lamZ. All,
a desparity Is shown between m&fac:LweIs auie ad toot values. In filat
woud vessels, fiber hoop stringths of 59% a 67 of the respective strand
strength$ were attained for %Waal 50 ad *rVnlte 11. These relatively low
vaues are attributed to low viitg wmala Sad resin rich onqLosits, as dis-
cussd mr fully In sectlm a Vhic follows.

2. Cryonic T!ertwes

Fiber tensile strengths of Nbpgnite II ccooites decressed aigmifi-
cantly at cryogenic t natmes as ompared to roem teeratue. Task I work
using strands, bare, sagd ringave 30% strength drops. T&a I work using
vessels gave 17% strength drop at -19530 and 22% drop at -233*C. This is
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undesirable for purposes of this study. No single ,filament testa were run at

cryogenic tempcrature to see if the strength drop i an intrinsic feature of
the fiber.

Tensile strengths of Thornel 50 corpoo.tes rem
4ned essentially constant

with temperature in the Task I work and inc.eaeed with lover temperatures in the
Task II work by 16 to 30%. Fart of the in.reance is attributed by Aerojet to
their learning curve, the later vessels rAdc being tented at lower temperatures.
This constant or increasing strength at tower temperatures results in the Thornel
50 being at least as strong as the No) .ite II at cryogenic temperatures, while
at room temperature the Thornel 50 ha'. only two-thirds the strength of Ybrganite
II.

3. Ffi'ect of WhiskerinR ar Nitric Acid Fiber Surface Treatments

Both the whiskering vnd tbf: nitric acid fiber surface treatments reduced
the fiber tensile strengthz. From a strength standpoint, therefore, these treat-
ments werL not in accord ,ith thz ,b,)ectives of this program. Strength reduc-
tions from 5 to 50% were berved with Thornel 50; Morgaites I and II gave 25
to 75% reoucions. Nitric acid tiestment gave 2 to 13% strength reductions in
strands but also mad the strands more vulnerable to larger-thmn-usual values of
tenpLle strength ridction at cryogenic temperatures. Both surface treatments
were for the pwr' ?'iv of improving the resin to fiber bond, but in the case of
predcminately t stril- stesses (as encounticd-o in an internal pressure vessel),
stronger resi, '.op.s b ve not been shown to necessarily improve the composite
tensile str .- b in th,. fiber direction. Because the treatments reduced the
composite s:..engths, the-, were elimin ted from use in the Task II vessel vinding
work.

4. 0ffTcts of Cycling Fatigue

Ccllng ,tigue of rings in the Split-D fixture to 1000 cycles save
reltlvvly good results. Room temperature cycling reduced strengths by 10 to
1 7;,j bvy :yclivg while cold gave from 9% reduction to an actual slight increase
ir, strc-tgt, The test imposes a bending load on the ring, and the higher inter-
%,nmnr hre ;I,rength atc cold teuperature is theorized to help the ring with-
utw. th-ts tp of load. It seems that cryogenic temperatures pose no extra
1-.blem in the fatigue cycling of unidirectional laminates, at least for the
filbers rd r,-sins terted. The excellence of graphite fiber composites in tensile
.atie': na ULc.c -ported, references (j) ad (1).

C. WDWI AND EFFECT CF TEPSRATLM

Composite tensile moduli increased for all composites at cold temperatures
0 to 20% compared to room temperature val'aes. This is both an expected ar

a desirable condition. The moduli values at room temperature for Thornel 50
and Ilbrganite II fibers averaged 10 to 20% lower than the meanufacturers' values.
These values are sensitive to the sampling procedure used, since there is con-
siderable vriation in properties along the fiber within a single roll. Thornel
50 xiber, for Instance, consists (f 5 to 15 lengths of yadhesively bonded
together to make a one-pound roll. Manufacturers' sampling procedures are not
known, and they do not list a range of values on each roll nor do they assign a
coefficient of variation to the main value for each roll.
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The ultimate strain values of 0.2$ to 0.5 found for the graphite fiber com-
positea iu this work were consistent with the objective of the overall NAM
progra--that is, the development of a fW-imnt wound structmee which is otrain
conatible with thin metallic liner materials at cryogenic temperatures. These
stmn values for graphite ftlament are one-fifth the strain values obtaLted
for 'Ass fi "at wound structurea.

D. FtEXUPAL )ODULI ANID 3I (S

Although :lexural testing is not directly applicable to the problem of
designing internal pressure vessels, it %ms decided that saw flarural data
vould help to give a broaer basic kumledge of these materiala. The tests
shoved t.At the HixW4te 11 was In a class by itself for high flexnm l strength,
giving tip to 24.7 * 10 n/ 2 (358,000 psi) fiber strength. Sigh flexural
strengths require both a strong fiber and a good interlaminar bond of resin to
the fiber, and th. )",brlte II ws unexcelled in these two features. Strengths
were almost unaffected by cold temperature, which for Nw&Wte 11 my reflect
the inte'.etion of decreasing fiber stre4gth and increasing shear strength when
,"old. Flexral moduli at o temrature were about the see as the tensile
moduli, b14t wben cold the flexural modul. increased from 32 to 62%, as eouard
to -.;; for the other modulus tests. The large Increase in flexural modulus
probably is due to errors introduced by the assumtions commnly made in these
modulus caleulations. One of these assumptions--that the effect of re~in shear
modulus is negligible--probably Is the nin culprit in this case. Ce could
expect the shear modulus to increase severalfold when going from warm to cold
and, therefore, make the composite somewhat stiffer due to les resin deflection.
Resin shear moduluL at croge ic temperatures ver not determined.

E. 173MLUCUR SEA ST1K

The significanee of the composite interlamiar shear streoth of the composite
in the -_U of an internl pressure veesel has ray ramifications. Kigher shear
strengths are desired as the fiber strengths ari 'dgher, as the fiber disaeter
is larger, or as the lengths of fibers are decreased. Also, as transverse loads
are introduced (as in "in-plane" vindng In which the strand dos. not take the
shortest path), higher shear strengths era desired. Lover shear strengths are
better as the fiber strengths are lower and gerally In the roverse of the
above conditions. I& objective is to got the strongest cosposite but to avoid
a brittle, gl"asy cnr^'site vhl:h shatters on I loadt.g or becomes very
fulnerstle to scratches or viond flaws. But It is difficult to calculate the
optim shnar strangth neo.ssary for a given set of conditions. Shear stengths
for as-;eceived fiber in composites at roo temperature were from 20 x 100 to
91 x 100 n/n2 (2900 to 13,200 Ysi), with areaits n s giving hiabest values.
These values are typical of values obtained with these fibers since the Inception
of commercial gTraphite fibers In 1965 and, compared to glass or boron fiber com-
posites (ref. (k)), e generally quite lw. Hence, the fiber surface treatmts
of whiskering and nitric acid boil were developed to Increase this sher strength.
Whiskering has been shgvn in other work (ref. (e)) to increase shear stre.gths
to as high an 138 x 100 n/n 2 (20,000 psi). Nitric acid boil Is less effezrive
and gave strengths in this study to 67 x 106 n/m? (9700 psi). But the driwbacks
to both treatments inelude their weakening effect on the fibers, as nota, in
section B of thlb dicuosion. For these reasons, they were dropped irom the
Task II vessel program.
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The effect of cryogenic temperatures on shear strengths was to increase the
strengths by 2% to over 100%. This Increase is an expected result, as indicated
by past studies with glass fiber composites (ref. (b)), and comes probably from
the increased strength of the resin at cold temperaturen.

F. COEFFICIERTS OF EXPANSION

There is a considerable mismatch in the coefficients of expansion (or con-
traction) of the ma erials used in this program. TMe composite contraction was
very low, 0.2 x 10-0 cm/m/*C. The resin was 200 to 300 times higher, 44 to
58 x 10'6 cm/cm/*C. Calculating from the strengths and moduli of fibers and
resins, the coefficient of the bare fiber is negative, -0.2 x 106 cm/cm/eC.
The coefficient of the stainless steel liner is intermediate, 9.5 x 10-6 cm/cm/'C.
The resin has a heat cure and my be at 100 C when it gels. Cooling to room
temperature after the cure introduces an 80*C thermal differential to cause
stresses. Further cooling to -195 or -253*C results in up to 1.5% tensile strain
in the resin, sufficient to cause microcrackind and 0.3% tensile strain In the
stainless steel liner. When the vessel is pressurized, an additional tensile
strain aveaSing 0.3% is imposed. Tota strains are the sum of the thermal and
echanical strains and can be 1.8% for the resin and 0.6% for the liner. These
are ratner high strains for both msterials at cold t.,-:wntures and could
Indicate possible vessel problems il both mechnics.L pressure cycling and tem-
peratvre cycling tests are imposed.

G. QUIME FIBE QULIT

Graphite fiber, as received from the manufacturers, was not of good quality.
It was often inadequately packed ana dmeaged by shipping. Some contained mmn
splices and some snarls or tangles. Changes in weight and cross-sectional area
along the length waG evident. In use, some of it had weak spots and broke during
filament winding to the detriment of the part being fabricated. The measured
tensile strength and modulus vales gpzerally were appreciably below the values
claimed by the manufecturers. *T rather lcw fiber quallty caused particular
problems during tbi pressure vessel fabrication phase when using in-process
resin igpregnativn. rhe necessary low winding tension to avoid an excessive
number of breaks left too much resin in the ccmposite, which in turn caused
fiber buckling and fiber wash wheu the resin was squeezed out on vacuum bagging.
The bagging thereby had to be discontinued, leaving a composite both resLi rich
and with excesslve voids. Heat was not used during winding to reduce resin
viscosity, because in-plane winding places the strand in an unstable path, and
problems of strarA slippage woxA be increased by lower resin viscosity. Some
of the problems could have been avoided by the use of p e-impregnated f.ber,
which is recommended for any fiture winding of vessels. ln all, the material
was time consuming to use, and part quality in some cases was lover than it
should have been. Ve look forxard to an irqnovement in the quality of future
fibers.

H. BR1=2 FRACTURE F VESSELS

All of the tested vesdels exhibited a brittle fracture mode of failure, with
the vessel shattering into several large pieces. 7'.j, s is an undesirable failure
mode, since the vessel is vulnerable to catastropic failure from scratches or
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impacts (nicromsteroids). This failure mode Is oct the result of improper fabri-
cation but rather Is Inherent to stiff, ao-ductile fiber materials vhioh are
vell bonded. Som poseible ways of redulaC this brittleness and Increasing
the impact strength include winding in% emll asot of a ductile fiber A
optimizing the res~n-fiber bond at & valls neither too high uor too lov.

V. C0Catumx

1. The objective of Obtaining mechSaical property data on graphite filamnt
epoxy resin ceposites at room and cryogenic temperatures vas accompllshed.

2. Cold temperatures generally decreased the fiber tensile strengths.
Morgan It 1 vas most erioualy affected, with 18 to 30% strength los vhen
cold. Thornel 50 In pressure vessels wa s ..xptJc Sd Increased up to 30%
in strength vhe cold. This difference In response to cold temperatures
resulted in Thornel vessels having a slightly biloe performnce factor (Py,4I
than Mrpnite at cold tematures. This perfornmce factor, estieted at
1.5 x 10" cm for VrIWitte veesels vith optima fiber content, Is competitive
vith borga fibqr (1-.3 to 1.8 x 106 es) and Wo-thlrds that of glass fiber
(23 x l0 ca). This is prmling for the future of graphite fiber In this
application.

Fatigue cycling of VOL rings to 1000 cycles at 75% ultimte stress
save 10 to 17% strength decresos at room temperature and less at cryogenic
temperature. Therefor*, low teapersturee favor an lcr ae in fttiLgue life
of these composites.

The fiber surface treatots of vhis ing and nitric ald boll reduced
the fiber sad composite tensile strengths (in the fiber direction) by 5 to 70%
sM are concluded to be udesirable for the objectives of this prora. Trans-
verse composite properties were not meamred.

3. Composites moduli increased by 0 to 20% vben cold compared to rocm
tempersture. This is desirable for this progrxa Ultimte strain values of
0.2 to 0.5% in pressure vessels, resulting tram the Internal presw* appied,
are generally conti'le with thin wtallc liner materials, I.e., stainless
steel type 3(A. The eoncept of onstruet lihWeight ftlaunat-omad vessels
by vindng graphite fibers over a metallic liner appears promising.

4. Flexural aad interlandr shear properties were measured to give A
broader basic knoledge of the materials. Flexurl StreAgth were unaffected
by cold, but fl.exural moduli Increased up to 62% when cold. 1nterlAdnasr
shear strengths Increased by 2% to over 100% vhe cold.

5. The thermal contraction of the fiber over the temperature range 4V2 to
-195C was calculated to be slightly netive; that Is, the fiber increased in
length in going down throug this 217C range. The iAsin and the stainless
steel liner mterial, on the other hand, shrink cosiderably. These mteriale
combined into a vessel, cooled to liquid nitrogen terature, and pressurized
vould give approui tely 0.3% tensile strain for the fiber, but the liner strain
vould be 0.6% and the resin strain 1.8%. These are rather high strains for the
liner and resin materials.
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6. Graphite f1bers as received from the manufacturers weru not always of
good quality. Strength and aodulu. measurement results were nearly alysbelow the manufacturers stateC values, and yar,,s and t.ows ;ere someties fuzzy

and oroken. As a result, the fibers were often difficult to use Ond cosposlte
qurlity son-times suffered.

7. All of the te3ted vessels exhibited a brittle fracture mode of iPtilure
at both room and cryogenic tempeiatures. This is undesirable but )t inherent
to these stiff, brittle fibers and composites thereof. Brittle structures ara
particularly -,%Inerable to fabrication nnd handling damage ad require carexLl
procedures and good inspectio .

VI. PM O62rWTI0MS

From the results obtained as reported herein, certain pioblems were uncovered
and certain questions left unanswered. Any further work cou:A include the
following:

l. Run .in~le filenG tests at cryogenic temperature to see Jf modulus
and strength -tangos are intrinsic to the fiber.

2. Use prepreg in the vessel windin to allow clscr control of the fiber-
resin content.

3. Use lear~iing, or proof, vessels and qvlify these before the main test
vessels are constructed.

4. Consider- helical winling instead of in-pl-ne winding for cylindricl
shaped vessels. Helical winding places the strand in a stanle eth and should
eliminate strand slippage o toe mwirec. A Ois.-usbion of the reluive merits
of in-plane vs. helicul vii.ding ,ou.1 be extensive, but at least strand slippage
is easier to control with helical winding.

VII, rOLIW (Ai WCP.

This cryogenic work is continuing a3 Tasks III - VI. The objectives of this
continued work include tests of additional retuns, prticilarly rubber-epoxy
polyblends, crack propagation and fracture studies, and testing of biL'.rentional
filament-wound elates. Reports will be iosued.
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TABI1N I

A. I)MHANCAL PROPMTIES CF TH L 50 YARN

Ylanufacturer s Data (Total 12 Rols):

n/iM2  pfsi_.: n_.:. . C.o
m. in. cv. x.

Tensile bodulus 31.o x 1010 33.2 35.2 45.0 x 106 4 51.0 0.05

Tensile Strength 15.9 z 108 17.9 19.8 230 x 103 259 287 0.O6

Strand Test Data (Total Z2 Ro3-i and 43 Individual Tests):

Tensile Hxdulus 26.1 x 1010 30.4 33.5 37.9 x 106 4.1 48.6 0.07

Tensile Strength 9.65 x i0 14.9 19.7 140 x 103 216 285 0.23

B. MEHWCAL FROiPM1ES F 3RGANIE TCW

Mmulacturer' Data (Ttal 16 2olls):

Tensile DdIlua 22.8 x 1010 26.6 29.7 33.3 x 106 38.6 43.1 0.09

Tensile S-e'igth 23.C x 108  25.4 28.8 333 - 103 369 418 0.08

Strand test Deta (Total 4 Ro3.ns and 42 w-vidual Tests):

Tena1 Modulus 20.2 x 1010 21.'. 21.9 29.3 x 106 30.5 31.8 0.03

TuntUe Strength 18.2 x 103 -0.2 22.1 264 x 103 293 320 0.08
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FIG. 6 THORNEL 50 FILAMENT WOUNO PRb$SURE VESSEL T-3
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ULTIMATE STRESS IN FIBER DIRECTION
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MODULI 1I1 FIBER DIRECTION
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INTERLAMINAR SHEAR STRENGTH
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INTERLAMINAR SHEAR STRENGTH
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APM1I A

ESDix C(ZIThVI MTJCJIOl

The couosito rosin contents for both Teske I and Il were determined by
burroff in air or by thermal degradation of the resins In vacuum. bgrooff In
air was done at 370*C for 16 hours but via not sitable for use with lbrganite
II fibers, since the fibers oxidized readily undr these conditions. When
)Mrganite 11 fibers were present, the emslysis procedure was typicall1y as
described by Aerojftt for their vessels in Task 1.

Teat Procedure

The resin and graphite content of the composite of each vessel was deter-
mined by a therml degradation process using six spec imes from each vessel.
The specimens were placed in tared containmes, then dried and weioa at I90C
(M*0F) for 2~4 hous or so, or util a repetition of the drying and weighing
showed no further weight loss. fte Tral 50 spem1n were thus placed in a
vacuumi chamber wan heted at he7ec (800'?) for 60 hours. nomeste u
specims were held in 1agm at5 33BC (10000Y) for 16 hours. Th vwesrwe
during burnoff was 2.7 n/i' (0.02 torr) or loe. Techamber d samles were
then cooled to 930C (200'?) or lower umide vacuum, after which the speclnens
were placed In desiccator. for final coolig

Bach lot of Nbrnite 11 specams includd two additina cotrol speo inw
furnished by 11M with I - grahte content. Pree OomlyD W"a buroff tests
of spec imns of rees 2 onl~y wase perforwd to establish thus ash residue of the
resin, which wes determined to be 3.1$.

The specims were cut with a bole-swe AM mwr 3.-0 an (1.35 Sn.) In
diaseter by composite thickmss (0.4i57 to 0.76Ge on, or 0.180 to 0.300 In.). All
of the spec imns woe taksn fro the cylindical section of the vessel to obtain
uniform values, ecevpt for vessel T-l which also bad speci~ms froms the boas and
knuckle areas. Care ws tekten to remove the innermost portion at inch spec imn
to eliminate the scria cloth wan adhesiro systo used for bong the composite
to the stainless steel lier

A-1
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APPrfl B

AMO1-GIMUAL SAN5D TEST PR0CEDUM

Test Reau.r.Mnt

The contract specifiod that a quntity of 120 to 360 strand tests to mesure
strengths and moduli vould be performed. A suggested protedure for performing
the tensile testing was provided by HOL.

Teat Procedure

Aerojet prepared and tested 137 strand specimens, 52 during technique
development aidny throuh the program and 85 later in the program. A 4,5lo rg
(10,000 lb) Matrn testing mach.kne was used for the tenslle testing of the
strwds. The specimen grips me. Inatron Scrw-Action Idel 0-61-iD vith smooth-
ground rubber faces. An lastron Strain-aSge ktenscmter (vith a 2. 5 ca (1 In.)
gae length and 00 wal. Icatim) vas used for strain maur-emt.

Testing tcahniquee for Tbornel 50 yrn vwvre developed first. to accordance
vith the suggested procedure of ROL, lengths of single 50.8 cm (20 In.) yarn
vere inVegated with resin 2 and cured. A tension of 35 pm gw applied to
the utrand during the cure. At first, tbo --%d of the strad wae then bonded
betveen cardboard tabs to facilitate mtming of the specimen In the test gripe.
Strain mesurement was attempted through masurement of crose-hd travel over
15.2-centimeter (six-inch) and 25.i.-cmntlrnter (ten-inch) P lengths of the
strand. Testing of the cerdboard-mounted strand shoved representative values
for strength but low modulus values. This vas attributed to inor alippage of
the strand in the cardboard fae" or the cardboard fees* In the gripe. Since
slippage could be tolerated In the trgth ,measurement but not in the strain
measurement, the strain-pee ezteuoatter vas tried by mting It directly oan
the strand, resulting In accurate mdulus values but low strength values. The
cardboard holders were then discarded, since they Interfered with the exten-
so eer and the strands vere clawed directly In the rubber-faced gripe. Mount-
lg the oxtensometer on the etrands bent then and probably oaued the low
strengths. A pretensioning of 10% mae then tried before the extaster was
attached; this procedure prove successful azid resulted In good values for both
noduli and strengths.

The tensile testing of Xbrpnite 33 strands vas performed In the same way,
vith one exception. The Xtrnanite I tow had approximately 13 time the cross-
sectional area of the Thornel yarn. Coequently, the esos of the strand needed
a greater surface area to prevent alipa in the rubber-faced grips during
testing. The greater area a achl eed by clin the ads of the strand
betveen flat aluminus pLes du-i 4 cure. A tension ef 4.5 K (ten pounds)
per straLd vas used for the Mirpnite toy during the cure.

D-1
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APPUIX C

1iFESSUt VESSEL ISICH

The pressure vessel design paramters are shown In Table C-I. The design
was arAyzed to determine stresses sad strains in the fillsnt sad liner under
various loeing conditions. The Thornel 50 vessel stress-strain relationship
(at 24*C) for the hoop vindin4s of the cylindrical portion of the vessel and
the liner up to theoretical burst strength Is shwn on Figure C-i. Figure C-2
shovs the same relationship for the Morgnte I vessel.

The co@uter output was used to construct presswe-straln curves, for 214C
teat temperature, to co.re the mesaured prelsure-strain chercteristics vith
the predicted behavior. The predI:ted curves for 24eC are preeeated in FIgure
C-3 for the Thornil 50 vessels and in Figure C-A for the Mrguaite vessels.
The initial slightly steeper portion of the cum Is due to the load-arying
capacity f the 11ir . As the liner udergoes l"at;c dfeosmtlc above
6.89 x 106 n/rn (1000 psi) for Thornel -ad .83 x 1obA/11 (700 PSI) for Xr-
gmite, the increasing load is taken up by the filasntWOnd coposite. From
these couter results, dsuoional and material parameters for the vessels
vere cklculated, as shown in Table C-2.

2. Weight Aaie

The veights of the various cc poents of the tank, calculated from design
details, are as follows:

Estimted Weight

Thornel 50 -1 Vesel -2 Veseel b

Gmphite ilaaMnt-

Wound Ccmposite

Graphite 1.63 0.74 1.71 0.78 1.14 0.52

Resin 0.67 0.30 0.67 0.30 0.45 0.20

SubtOtAl 2.30 1.04 2.38 1.08 1.59 0.72

)WtaJ. Linor

Nberane 0.55 0.25 0.55 0.25 0.55 0.25

Bossesc 1.46 0.66 1.46 0.66 1.46 o.66

Subtot&l 2.01 0.91 2.01 0.91 2.01 0.91
Tota 4.31 1.96 4.39 1.99 3.60 1.63

a 3/3 val vessel; b 2/3 mall; e redudant bos desiv & excesswte -t.

c-S
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3. W nrdtn ettern Ca.cul^tiona*

a. Features of Thornel 50 Yari and )4ra te (Type II) Tov

(1) o Tro ion Carbide Data Sheet, equialent t11iapnC
d meter of inivluaI fibers of Thornel 50 is 6.6 microns, or 2.6 x 10 in.

In a single yan there are 720 filamnts per ply and two plio: per
yarn, or a total of 14O fila ts per yarn. The cross-sectioal area of a
single yam, Ay, Is then:

AY - Af If -fDf2 If

where Af - area of single filamnt, in.
2

If - number of filaaents/yarm

Df - diameter of single filament

y. (2.6 x 10-)2 (10o) o 76.4 x 10-6 ,.2

Using aother mthod, Lhe yield of Tbhornel 50 yarn avexaps 19,600
rt/lb. The density of Thorzel 50 is 0.0%8 lb/in. 3

. Te cross-eectiow, axea
of a single yarn, Ay, is then:

where W - veigit, lb

L - length, in.

p - deniity, lb/in.
3

A - 1 lb 72.3 x 10 in?

ThIs copres with a cross-sectional arem of 420 x 10 -6 in. 2 ' 
for

20-end S glass rowing:

2 106 . 5.8
72.3 x 1O-O

* Fsentation of these calculations in both the B.I. and English 4ytM
vould be cumersome and difficult to follow. The Eglish system only is
used.

C-2
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Thus, 5.8 Thornel ya are equivalent to 20-and S glass roving In
croio-nectional area.

(2) rgsaite (Ty"eI l

The yield of Wroaite T1 toy average 1710 ft/lb. The density
it 0.063 lb/in. 3

Ay lb
(1710 ft/lb) (12 In./ft) (0.063 lb/in.3)

774 x 10-6 IA.2

In comparison vith 20-end S glass roving, the i*rgdnt* 3I toy

.20 x 10-6 . 0.543

774 x 1o,6

Dy area, 1.8 "as rovings eqval ae Nor rante II tow.

b. Thornal 50 WindIng Pattern

(a) f yes. Tro the de..o aslysis, the required
1ick16 dinal f il oaite thiaweass at the equator, TO, Is
0.058i in. Th. nunber of ayers, LL, Is established from the ralatonships

-TO , vb4. t 1 - thicke so of a single layer.

rrom eyperimetaA laboratory work, it has been establishml that the thiak-
nesa of a single cured la er of yarn vrapped in a 1tde-by-eid pattern is
about 0.011 in. Therefore, let

-6
tLLI L

to I L 6- O~.a972 in.

C-3
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(b) Nunber of Revolution&. The number of revolutioa, Il, Is
given by:

'- 6 -3
2 2

(c) Tpx, Width and Turns evolution. Uaborat-ry 03:-ermtb
were conducted using various cobinatio of yarns In bunla and Viading thm
onto tne 8 -in. diamter by 13-in. log 1o . Based mn this work, It vas
determined thot Vining two bundles cowsting of six Thorcel 50 yamp subac
side-by-side, would provide a good tape, for vessel vindln .

The vinding tape vdth for each bundle, WL. Is given byt

VL'

W, - 1 

vhore NY = nunber of yarns/bi dl - 6

Pg vol. fraction tilAmts in coMoeite u 0.65

17a_ 06 (6 .'iM l o.069 in.

hcn 6-yaru bundle has the following ideallsed cued gmtry:

11 11 0.

0.069 In. - 4 T

C-AI
tNCLSBIrDI
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The numer of turns per revolution, N3, is gLvn by:

N3 .,Dc cO 0 where two bundles of vidth WL are used Knd
2 L

Dc - neutral axis dismter of longitudinal filaaent-voumd

composite - 7.824 in.

a - in-plane wrap angle - 13"

I3 .(i) J7.824t) (0-91 - 171 turns/revolution3 (2) (o.09)

(2) Hoop

(a) N ber ofIyrs. The required hoop-vound Cosite tiMkneOS,
TH, is 0.100 in. This compoite s wrapped vith a 6-yarn bundle.

The nuber of layers, L, Is established:

T .1 - 10.3 Layers

Xxperimnta winding showed better ccmactios by using 9 layers. Threfoe,
use 9 Layers and adjust to,

tsh TV 0.100 -001 n
q~ - 011 in

(b) Tape Width aind Tuns per lPr The required tape width lot

S. o 1 o.o61WL t(o.0il) t0. C5p

The turns per layer, ]15, I:

15- La 12034- tumn in 7.34' in.

c. (Ma)tta (Type nI) windive mttarn

(a) Nuer of layers. let

LL-6

then t , - 0 58 - 0.00972 in.

(b) Number of Rovolutios

, LL ,6 - 3 revolutimo

C-5
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(c) T t , Wed Turns pe Revolution. The vim4n vas accom-plished using two )ra t e II tows. Le

te, 1  0.00972

Then WL . AYy . A774 x -6) 025 inl'v S (0.092) (0.65) 0.11in

N3 - y PC coo a
L

. " (7.8) (0.974) - 98 turnu/rvolutiog,0.245

() wuer of ism,. Let

LE - 10 layers

t.,h - T? -u 0 .-O..010in.

(b) TP" Width and amprJy

L (0.010) (0.65)

N -5 = . - 61.7 tua.s in 7.3h in.

78
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TABI. C-1.

DESICI1 PTA, S FM CAP TZ FIIM r-WOUND IR SL.U VWWLS'

Part A

Thornol 50 -1 Wrpate 11 -2 Morpae 11
Vessel Vessel Vesl u

i. c- in. CA -an

Liner Diaeter 7.766 19.726 7.766 19.726 7.766 19.726

Vessel length Between JWL
Neutral Axis at Bosses 12.250 31.1U5 12.250 31. 115 .12.250 31.115

Polr-Doss Dimter 2.900 7.366 2.900 7.366 2.900 7.366

MotaI-Linar Thickness o.0o6 0.015 o.0o6 o.03 0.006 0.015

Composite Thickness 0.058 0.1.7 0.058 0.147 0.039 0.099

Hoop 7la.ent-Womnd Com-
p sit*. TinoL ss 0.1C 0.254 0.100 0.254 0.067 0.170

Design Burst Pressures at

£ Three-thirds vall vessel
b Two-thirds vall vessel

C-7
'3eLABSW
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TA3ZX C-1

EESIC21 FARAW1M1 7IR GRAPH=T FUIAW-WOUID P.CSLRE VSIIB

Part B

Y"304 Omphite Fila~nt ftond
qt .Inleso Steel 5=9nlo

Properties Anneal"d So=1 W H-VLO . 1

Density
lb/in. 3  0.289 0.054. 0.06

8/c 3.000 1.495 1.551

Coefficient of Thermal rpensioc
in./in/./ at *75 to -*23Fy 6.T60 x 10. 6  --
cu/cu/%c at +22 to -253"C 12.168 x 1o ....

Tensile Yield 8trenthPsi_ 38,000 .../. 262 x 106

Derivative of Yield Strength
vith Respect to Temqemtre

psi/7 -116.0 ....
nl/.C -1.".1 o x 06

11"at ic Modulus
Klat dlu 29.1 . 106 50.0 x~3 1, 3 106

*/2203 x109 345 4 2411x 109

Derivative of Klastic Ibdulu.
vith Respect to ?meratume

pst/' -8030 -3500 --
/2/'C -.997 x 106 -43.4 x 106 --

Plastic )bdulue
Pei 800,000 ....

n/25.5 x 09 --

Derivative of Plastic bodulus
vith Respect to Temerature

p1i/C -. 1 .

Poison's ratio 0.295

Derivative of Poisman's Patio
vitb Reapct to T.-4perture

0.1
1/0C 0.18

C4

... . . . . ... . . . ... .. . . ..
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MIXL C*..

nesifl2 PAJATUS Ya cRlA.pdm nuTAJI-Ioun Husm3I VBBWl

rart B (couizm4)

TYPO 30D. ompkite rUiammt-ountl
Stainless steel C at

Volum Fraction of Filaaaut
in Coqpoeite o- .65 0.65

Filamnt, Design AUllvbl n.ba Loagltudil.
Stress

103 pal at 75*7 14i3-0 130.06
D/=2 at 2C 986 x106 89x10

*Filainct N&dulua

C-9
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TABIE C-2

DIMBUICKAL AND MATERIAL PARAMURS -

(JtAPrmIK FiLuAOTuprD Fr Ua I vE

Thornel 50 -1 )brsnite 11 -2 Herpmite n
Dimensions: vessel Vessels Vessel b

Outside Cylinder Diameter 8.082 20.526 8.082 20.528 7.977 20.26e

.tside Diameter of Metal
Cylinder 7.766 19.726 7.766 19.726 7.766 19.726

Inside Diameter of Metal

Cylinder 7.754 19.695 7.754 19.695 7.754 19.695

Metal-Liner Thickness 0.006 0.015 0.006 0.015 0.006 0.015

Total Coposite Cylinder
WazU Thicknts 0.158 0. 401 0o.158 oAU 0.106 0.269

Longitudiml Wound
Comosite Thcknes 0.058 0.147 0.058 0.147 0.039 0.099

Hoop Wound Co ite

Thickness 0.100 0.254 0.100 0.254 0.067 0.'0

Boss-to-Bous Length 13.16 33.43 13.A 33.43 13.16 33.43

'y.tndar [Angth, Tangent
to Tangeut 7.34 18.64 7.34 18.64 7.3 18.64

Forward Boss Outside
Diameter 2.5' 7.37 2.90 7.37 2.90 7.37

Aft Boss Outside Di r 2.90 7.37 2.90 7.37 2.90 7.37

Mterial Paramters:

Liner and 'Joss Msteriml Type 304 8tainless Steel (Annealed)

Filaments Type Thornel 50 or )brLarite (Type I)

Resin MLtrix Epon 82B/Zool lObO/D6A/Ui

Liner-to-Couposite Adhesive Adiprene L-100/Epi-re, 5101/MOCA (80/20/17)

a Three-ftirds Wall Vessel
b Tvo-Third* Wall Vessel
c Identification infom tio (continued next pete)

C40
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TABLE C-2 (c,ntinued)

IdertificAtIon information:

Thornel 50 pressure vessel, Aerojet drawing No. 126921-1
-1 Morganite II pressure vessel, Aerojet drawing No. 1269228-1
-2 Morganite II pressure vessel, Aerojet dravlng No. 1269228-2

Liner for Thornal 50 vessel, Aerojet draving No. 1269205-1
Liner for -1 Mrgpnite II vessel, Aerojet drawing No. 1269205-1
Liner for -2 M4rg m te II vessel, Asrojet dra.ing No. 1269M0-1

Intermal Yolum for Thorel50 vessel - 511.3 cu in.
8379 cu cz

Internal rol,- for - Imxaite nl vess l - 511.3 cu in.
8379 cm ca

Intermal volum for -2 Mpnite II vessel - 511.3 cu In.
8379 cu ca .4

c _U
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S3)



NO .TR 69-183

2WxY

1 ~ ~Assumed critical
xo 111lament stress

150 _

~ Hoop filaments Burst P'ressure

5 - b 5W Psi
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AfPM IX D

FAMWICATICIR C VLSSEL LIE2

The liners vere made of SS 3046 stainless steal, 0.015 ca (0.006 in.) thick.
The liner head sections were formed by sandviching the liner between steel
sheets and forcing the sand ich through a ring using a plug Of the proper
contour. After heat treatment to relieve stresses introduced in fabrication,
the head section was removed from the sandwich and trimmed, end the opening for
the polar boom was punched.

The polar bosses were mchined from S8 304 bar stock in accordance with
Fibure 4b in the ma text; particular care was taken to mintain the thickekns
of the flange. Welding doublers used to Join the bead to the boss were fabri-
cated from 0.020 ca (0.08 in.) thick stainless steel foil. A slight radius
was rolled into each doubler to provide close contact between the head section
and the boso flange.

The cylindrical section was rolled from 0.015 ca (0.006 n.) thick SS 304
foll and was roll-resistance soom welded to the required diameter.

The liner coqonents were joined by roll-resltance sesm welding after being
fixed in position by spot welding. The bosses were first veld to the beads.
The doubler was uped over the heed to min.ie damp to the thin liner and to
assure weld integrity and, thus, prevent leakage. The heeds were then Joined
to the cylinder with the aid of a curved electrode inserted through the boas
opening.

Two leak checks were made on .ach tank liner--the first a soap solution
leak test under an internal pessure of 148 x 10 n/

2 (7 P sl, and, the second,
a helium leak check with a moss spectromete at a pressure differential of
138 x io3 n/m2 (20 psi). All liners passed the tests.

Folloving the helium leak check, the liners were cleaned and etched, in
accord with Aerojet Process Standard AGC 1221 which requirs cleaning in a
solution of 63% aitric acid and 0.4% hdrofluorie ald. Each liner was drled
and vclosed in a polyethylene beg until it was used for Moent winding.

or 8
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I APPEDIX E

VESSEL WINDING FROCEDRlE

Appendix 5 contains a description of the fibers, the vessel vwiding and
curing, and the problems encountered.

1. Graphite Filament

The graphite filamest used for the winding of the twelve vessels was supplied
by NOL. In-process impregnation of vet resin -as required by the contract.

a. Thornel 50. Tweve 450 gm (one-pound) rolls of Thornel 50 were sur,-'ed
for the winding of the first six vessels. The manufacturer of the yern (Union
Carbide) provided tensile strength end modulus data marked on each roll. These
data are shown in Table 1 of the min text.

The cross-sectional area of Thornel yarn is aproxinmtely one-sixth that
of a2D-end glass filament rovirg. L-gitudinal windiag with such a small area
yarn can lead to excessive buildup of the composite arund the polar bosses of
a pressure vessel unless a number of yarns are gatnered to form a wider ribbon
or tape. A number of combinations of yarn court (simulated by a three-end glass
roving representing each Thornel yam), turns per revolution, and revolutions
per veasel were tried for longitudinal windiag to inimize the buildup at the
boss. A review of the results led to the selec..ion of two yarn bundles, each
bundle consisting of six Thornel 50 yarns, for the longitudinal winding. For
hoop winding, a single bundle of six yarns was selected. This information was
used in the design analysis and winding pattern calculations, Appenix C.

In support of this concept of six-yarn bundles, six rolls of Thornel 50
yarn were ccl 'ted into a bundle and rewound on a Leesona vay-winding machine,
stopping aftar collation of enough material for the winding if one vessel. After
the first vessel was successfully wound, the balance of Thornel 50 yarn wuj
collated into six-yarn rolls.

During the collation process, numerous breaks and splices were encounter-
ed in the yarn as it paid off from the spool. At times the yarn broke at ten-
sions estimated at less than one-tenth kilogram (one-quarter pound) per yarn.
Visual inspeatton of the rolls showed small surface cuts across the exposea
c rface o. te yarn as received. 4lso, the broken end of one ply of the yarn*
was buried under adjacent vinding turns; this was judged to be the cause of
some of the breakage. A third source of 1 reakage was the presence of yarn
splices in the as-received roll, numbering from five to eight per roll. These
splices were found to be wound Into the roll, apparently without allowing time
for th- splicing glue to dry. This tended to make the splice stick to the
balance of the roll, causing breakage ouring oftvindi 3.

* Thornel 50 yarn is composed of two plies of 1?0 flaments each.

E-1
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The number of breaks encountered during the re-spooling process varied
from two to twenty per roll. It is estimated that the re-spooling tension on
.he six-ya-nm bundle was between 0.9 and 1.8 kilogram (two end four pounds) for
the bundle. Although the re-spooling caused breaks, It also upgraded the
re-spooled materisl vhere 1.8 kilogram (four pounds) winding tension could be
applied to the bundle during subsequent vessel winding, thus zini-Ising, though
not eliminating, breakage at this point.

b. Mrganite II. Five and four-tenths kilogruam (twelve pounds) of Mrganite
II tow were furnished for use on the contract. Shipmnt was in thre. lots of
1.8 kilograms (four pounds) each, with a total of sixteen roll.

The initial shipment sustained extresw handling da= 4, in apite of the
vell-designed acaging. The denting of metal cans surrounding the plastic
spools was so severe that the,cardboard cushions wrapped around the contlauous
tow were coqpated tightly on the surface of the spooled brgsnilte tow. The
supplier's values of tensile strength and endulus were not marked on the rol
or container but were provided on a supplementary sheet or were povided to
Aerojet by ROL.

The tow, s received, was severely lacking in cross-sectional tmifwmity
and integrity and displayed numrous sials and spooling effects which con-
tributed to tow breakage during vessel winding. The ragged construction of
the tat led to pickup of filain ts from o turn by adjacent turns until finally
a sufficiently smll cross-section reained so that a 1.8 kilogram (four-pound)
tension resulted in tow breakage. Tow breakage duringwinding oecured on the
average of one or two time per- vessel. T4e cross-sectional am of Meanite
Ul tow was sufficiently large to allow vessel winding using Wo tos *a the
longituti nal sode without encoutering sever buildup around the pla bosses.

2. Prepation for Filant Winding

A resin adhesive v" applied to the liner before filament winding to better
distribute the exiansion of the thin etal Iner to the graphite composite
during prrssure testing. The process consisted of cleaning the ln with a
paste cleaner, priming it, and applying the adhesive, using a thin nyln scrin
cloth over the ta liner to provide a uniform adhesive thickness of apprOXI-
omtely 0.000 cm (0.0)3 in.).

3. Vessel Winding

The tanks were filament vound using a co-bintion longitudinal- and hoop-
winding machine.

The winding thaft was ints.lled in the liner, mnmted in the winding mchine,
and the edhesivo system applied to the liner. The longitudinal patter was
tried, using 20-nd glass roving to confirm the winding pattern. Tvo t^ three
plies of No. 12 glass cloth fabric were &plyied to the liner veld areas for
fairing-in the lap joints used in roll-resistance seam welding.

An epoxy-resin system consisting of Epon 828, DGA, Dqpol lO0 and BDW
(resin 2) was used for filaumt winding, an specified from Task I work. On the

E-2
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first vosnel (Thornel 50 vessel T-1), -the resin was brushed on the liner an
the composite during winding, with filament tensioning, before impiegnation,
provided by a hysteresis type of tensioning device. The NOL Program }nager
advised that a better "vetting-out" of the filasent could be attained on .
nontencioned graphite yarn. Accordingly, the resin system we appliie on all
subsequent vessels (except the last )Mrgpnite 1I vessel) by passing untensioned
yarn through a resin pot before applying tension b a Proy brake tensioning
d_-vice. On the last brgsnite II vessel (Tank M-6), the mterial furnished
was in very rgge and fuzzed condition and a brush application of resin was
used to minimize damage to the yar sustained wben passing the vet material
through subsequent Prony brake and payoff rollers.

One revolution (two layers) of resln-lqpreted grsphite yam or tow was
wound longitudinally over the 1ne asibly followed by three layers of hoop
windings in the cylindrical section. For Thorel 50 vessels and "three-thirds
wall" Mor@nnits I vessels, the sequence of one longitudinal relutlon plus
three hoop layers was repeated two more time to develop a total coqosite vall
of six layers of longitudinal and nmine layers of hoop vindings. In the "tvo-
thirds wal" Mergite n vessels, oniy two trolutions of longitudinal winding
(four layers) and six layers of hoop windin, wav deposited. The windin
-andrel was internaly pressurized to mintain psoe sle and shape as the
fiber winding@ were put on. Teerature sensors (copper-ecastantan thermo-
couples for ambient and liquid nitrogen temertte testing, and platinum
resistance transducers for liquid nitrogen and liquid hydrogen teerature
testing) were wrapped into the comosite vall, und the last two layers of
hoop winding. Ctenster attachent pins were wound under the last hoop
layer. Problems encountered in filament winding and curing of the relatively
thick graphite filamntvuod copoite ave discussed in a subsequent section.

4. Vessel Curing

The contract originally specified that the vessels vee to be wacum-bagged
during curing. Accordingly, a study was performed %seing flat ceoslte sections
and AeroJet's standard -11 filament-wound test bottles (10.2 ca diametre by
15.2 cm long (4 in. diameter by 6 in. long)) to determine the appouiate tim
and temerature of the first stage of curing at which vacuum oulA be a&lied
to the vessel without causing excessive squesse-out ed f l of the resin and
subsequent relaxtion of inding tension. Although the study yieded a cure
process which gave the firm composite structure desired for the 20.3 cm dia.
by 33 cm long (8 in, din. by 13 in. long) vessels covered by this proram,
difficulty was encountered in the vacuum bag cure of the larger, thicker
vessels and the vacuum bag technique was discontinued, with the ccumrence of
N0L, after the cure of the first t-o 20.3 cm (8 in.) tacks. Instead, the
composite dus staged overnight under hest lamps at a temperature of 52 to 66"C
(125 to 150"7). The vessel was rotated slowly to eliminate resin runoff.
Although the resin content of the composite was higher than desired, due to the
vet-winding process, the overnight Stag ag firmed the structure sufficiently
so that bleed-out end relaxation during the final oven cure were not experienced
to any great degree. The final oven cure cycle wes two hours at 93eC (2000F),
two hours at 121*C (250*7), and four hours at 1490C (300*7). The step-cure
used slow rates of temperature increase in a further attract to minimize resin
flow-out. Internal pressure was maintained in the mandrel throughout the cure

1-3
LWUIABIfI



UNCASSI D

NOML~ 69-183

cycle. After cure, the vessel vwe cooled slowly to room temperature; then the
winding ah&ft removed. The vessel interior was cleaned and dried and its
fLnAl lcieht recorded before pressure testing.

5. Winding and Curing Problems

Yarn and ply breakage in the case of Thornel 5U and tow breakage in the
case of Morganite II was a serious problem during filament winding. The
winding tansion attempted when the material was running smoothly was four
pounds for the bundle of six Thornel yans or a single MDbrnite tow. Oood
sections of Thornel yarns had a breaking strength of 1.8 to 2.7 kilogram (four
to six poundo) and )krganite II tow shoved a breakinC strength of about 36
kilograms (& pounds) in the as-received conditions, directly from the roll.
The low brea,.ing strength encountered in winng is attributable in part to
lack of uniformity in the material, since the breaks occurred m time in
both types of material in strands which bad not as yet passed through the resin
pot, Prony brakes, or pay-off rollers. If the Thornel 50 yarn bad not been
previously screened by the collation procedure, the Incidence of breakage vould
have been still higher. Fassage of the yarn and tows through pots, rollers,
and brakes caused further visible damge, even though lw tension (0.9 to 1.8
kilogram (two to four powwi)) was mintained and squeegee rollers an the
resin pot were padded with soft rubber.

When the low breaking strength during winding is copared to the breakin
strength of a cured resin-imregnated strnd, a qin in strength of 30 to 100
times Is seen, This points out the necessity for shear transfer between the
filaments during winding with the wet resin to maintain acceptable winding
tension. It Is believed that the stress transfer my be obtained by use of a
ductile but advanced preimprogated yarn.

Another problem in the filament winding wan the Inability to run with a
lover resin content, as a result of the requiremnt for in-p ress resin pot
impregnation. The squeegee rollers were run vith light pressure and soft
padding to minimize filamet damage, and as a result, resin contents by weight
were 50 to 60% when checked at the vessel. This gave a tendeny toverds
slippage in the winding, which was cc licated on lo gLtudiml winding by a
relatively large boss-to-ebomer diameter ratio and a 1.5 lenth-to-diameter
ratio. The slippage was counteracted In several ways. First, the winding
tension was reduced from 1.8 to 0.9 klogrmm (four to two pouims) at the
knuckle area. Second, the resin In the Imregntion put was heated to 46C
(U5F) to reduce its viscosity and reduce resin pick-up by the st.rnd. Third
th, longitudinal layers were advanced in their cure by exposing to 2"C (152*0!
overnight prior to additional winding. When mjor breakage was eneoutered,
the windiug wa stopped and & new start was made with an overlap from one to
two centimeters (one-half to three-quarters of an inch) wide.

The problems of light tensioning and filament slipA Ae resulted In a "soft"
wound structure with high resin content. Thickness was about 0.635 ex (0.25
in.) thickness and, as mentioned previously, difficulty was encountered with
vacuum bag curing of the initial 20.3 cn (8 in.) diameter vesselA because of
fiber wash. This caused buckling or wrinkling of the composite, thus destroy-
ing the remaining pretensioniug and causing serious stress concentration areas.
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ypica). vacuum-bagged surface in shavn in Figure S of the man text. Tb.
uum-bagging process vas therefore discontinued am~ a Prestaging and final
n cure without couqposite compaction v&& utilized. The relativel.y thick
phite filamnt-ound composite caused by the light tensions tilawazt
ppage, and high resin content vas a structure vhIcb gave visual indications
being less than optimims in strength.
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APPtUDIX F

VEE CROGI- TEST FROEAM AND INS RIW2ATIC

1. Cryogenic-Test Facility

Liquid nitrogen (12) was used to pressurize the vessels for the -195"C
(-320F) tests, with the pressurization rate regulated by gas controlled valves.
The test fixture consisted of a vacuu= chaneer with provisions for instrut
leads and vacuum-jacketed pressurization 21nes. The chamer interior and ex-
terior were coated with aluminum paint and a layer of aluminum foil was installed
inside to provide additional reflective insulation.

To aid in maintaining mini-m test temperatures, the vessels installed in
the vacuum chaber were equipped with external cooling coils through which
liquid cryogen (nitrogen or hydrogen, as applicable) was flowed at essentially
atmospheric pressure. A cylinder of reflective foil insulation was used aroxmd
the exterior pooling coils. The vacuum chamber was punped down to 5.3 x 10-2

n/m:
2 
(4 x 10 mm Hg) to assure maintenance of the required temperatures. The

tank temperatures were maintained as low as powsible, and thermal equiiibritw
was obtained before testing was initiated. Thetal equilibrium for liquid
nitrogen testing was defined as a vessel flange or ski temperature of -184*C
(-300'F), or less, with -190"C (-310 ?), or less, at the vessel outlet vent
line. For liquid hydrogen testing, the two texaratures were -240*C and -246C
(-400*F and -410?*), respectively.

2. Instrumentation

Temperatures, longitudinal end circumerential strains, and interrAl
pressures of the vessel test specien were monitored throughout testing. r..gure
?-I saows the instrument locations.

The electronic and digital equip-ent used for these masuremnts was call-
brated periodically, egeinst standards traceable to the 1ational Bureau of
Standards, by the Metrology Department of the Aerojet Quality Control and Test
Division. The calibration records are on file at Aerojet.

Platinum resistance thermometers end copper-constanten thermotouples were
used in the -196C and -253"C (-320*F and -423'?) tests. The measureents were
made on the exterior surface near the tang ncy at one end of the tank. In
addition, the temperatures of the cryogenic fluids inside and outside the tank
were recorded.

The Aerojet-developea "bow-tie" extensometer was used to make strain
masurements. It consists of a piece of beryllium cokpar sheet in a cocfigura-
tion that prvides two cantilever beans fitted with bonded strain gages. Metal-
foil strip, aIpn oximately 0.64 cm (0.25 in.) wide, was used to link the bean
ends to the gage-length end points. Both the extensometers and the foil stripe
were positioned against the test veesel ru-face. The sli deflections of the
high-modulus graphite-fil ment -ound tanks required the develolment of a special
bow-tie extensometer configuration that would accurately measure the low strains
encountered.

1-1
ZUf WWSSIFIED



LU WtAS D
NOLTR 69-103

For girth (tioo) strain measurements, a thin metal strip was placed around
the cylinder and secured to opposite ends of the extensometer; circumferetial
deflection resulted in a proportional output of the gages on the cantilever
beams. For longitudinal-deflection measurements, metal stripe were affixed to
instrumentation-pin terminals wound into the tank near the ends of the cylindri-
caL section. The strips were run along the cylinder longitudirally; the
cantilever-beam ends vere connected to the ends of the stripe at the midsection
of the tank. A longitudinal deflectin produced a proportional strain-gage
output.

The accuracy of the strain gages depends on the gage factor, which Is
extremely sensitive to cryogenic-temperature variations. To provide the
required accuracy, the concept of controlled-tesperature strain transduction
was employed: Heaters were Wovided to maintain the gae temperatures within
their compensation range, ad a snor was added to record the vessel-surface
temperature in the vicinity of the extensomter. This *eor was used to
verify that the heat input to the extensometer did not warm the tank surface
significantly in the region of the transducer. Therml insulation was used
under the heated extensmeters to miniize heat trenzfer to the vessel. The
test dseta shoved that no significant vessel warming was prodzeed. Figures
F-2 and F-3 show vessel tperstures during test.

Before testing, each extensmter was intaLed on the vessel and shunt
c-_ibratjd under ambient conditions throughout Its anticipated rage of
deflection. The gage fartors did not vary under cryoagnic conditions, because
the seaters kept the ga es essentially at the amient teerature. Monitorlng
during t.,e cryogenic tests reveaed that the pgei. were usually mantained at
24 .t 11'C (75 t201P). Because the gage factor varies only 1% per 38*C (l0O'F)
change in the 24"C (75*F) range, there was negligible loss in accuracy.

To calibrate for longitmnal displacets, the distance between the bow-
tie attachment points or terminals (L,% was carefully masured. The instrument
and its metal-strip extensions were t m tretched to the mnziam expected
deflection, using accurately determined positions (UL). The strain was cal-
culated as Ab.2 /L2 to indicate the total between the two attachasat points. To
calibrate the girth wrtensoter, the tank circuerence (LI) was measured
and the bo-tie attac.-ant band was owe to produce the saziim ezpeted
deflection (A L). The girth strain was calculated as Ak/L1 . Calibration Vag
performed under ambient conditions, and a shift in the zero point occurred due
to thermal contraction when the tank was cooled to cryogenic levels. TO correct
for this shift, it was only necessary to reset the recorder to zeo, because the
repeatability under &'Iblent conditions vas essentially linear and the heaters
mintained ambient temperatures.

Two types of long-wire strain gages* were provided by WALSA, eAwis Research
Center for evaluation on the test program. The evaluation va desirable
because of t- -xtremely low cost of these gages. Two strain gages of each

* The strain gages were tdel No. A-9 (cellulose-paper-backed) and Mdel No. AB-9
(phenolic-glass-backed) manufactured by BLE Electronics, Waltham, Mass., a
Division of Baldwin-Lima-HmIlton.
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type were installed on each of the six Horgsmite II vessels. One strain age
of each type was installed in each of the longitudinal and hoo directions using
resin 2 (the rein used in the filament-vinding of the vessels) as an adhesive.
The strain gages were adhered to the cured surface of the vessel and the vessel
wac cured an additional two hours at 149*C (3W*F), adequate for the thin layer
or adheslve.

On tests at -195"C and -253"C, the strain gages failed during cool-down of
the vessci, as evidenced by a sudden open circuit observed in the strain Me
circuits, and thus gave no strain results.

On tests of vessels at ambient temeratures (Serial No. M-1 and X-6) the
atrabi gages functioned well and showed reasonably close agremet vith the
bow-tie extensomater, used as the prim strain measuremnt instruents. The
recorded strain is plotted for comarison on Figures 35 and 40 of the main
text. Cn vessel K-6, both paper-backed strain Mges recorded up to the faltO
level of 0.4 to 0.5% strain, but one phenolc-backed strain Me failed about
half vay through the test at a strain of 0.25%, giving erratic readings at that
point which were attributed to adhesive failure. The second phenolic-backed
gage failed to give representative strain readings at any t1e during the test,
Dossibly because of a broken wire.

On vessel H-1, three strain Mes ieaured strain all the Vay to the vessel
burat point, a strain of 0.4%. Two of the strain gase were pbeeolie-backed
and .ne was paper-backed; the second paper-backed gage failed to provide usable
readingn.

It appears that each of the two types of strain gapes are acceptable candi-
dates for further evaluation at ambient temperature but should be used redSdant-
ly due to their apparent lack of reliability. Redundant use, hboweve, adds
additional testing cost due to the additional number of instrueuntation Oesmes
required, and there is no saving over bo-tie extensomtter StraiLD Msileute
Neither of the two types of long-wire strain ges appears feasible for eryogenie
testing.
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pres to vesels ad v ocatreated to the AmroJet-0Oanml Corporvtio, Asuft, C.lL-
fornia. Vessel ultimte strains of 0.2 to 0."J were foand, wbh ar gmuWJ com-
patile vith the staInles steel Lue usd or with othu caMidate lIne mste4als.
The pressure vessel perforamae factor f 1A e aowod the gahite vessels to be Cam-
Petiti"ve ith boron and tvoathirdame high a fibrrame.
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